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,&)9&'!3&!)0'*',1.(&!,@&)9*A6&!&,!3:15'-)+,*-.!+@-.*A6&I!+)-+)*0,0'!*.,0)&''1.,&'!+-6)!2&'!'&(,&6)'!
36! 5y,*9&.,! &,! 36! ,)1.'+-),#! %1.'! 6.&! 3091)(@&! 3&! 30J&2-++&9&.,! 36)152&! &,! 3&! )036(,*-.! 3&!
2:*9+1(,!&.J*)-..&9&.,12&!3&'!91,0)*16MI! 2&6)!5*-30/)1315*2*,0!&',!0/12&9&.,!6.!1,-6,!91m&6)I!&.!
+1),*(62*&)! 31.'! 2&! '&(,&6)! 3&! 2:&951221/&#! Y&! 2*.! &,! 2&! (@1.J)&! '-.,! 2&'! 4*5)&'! 2&'! +26'! (62,*J0&'! &.!
L6)-+&I! 2&6)'!3-91*.&'!3:1++2*(1,*-.!31.'! 2&! 46,6)! '&!'*,6&.,!+-6)! 2:&''&.,*&2!31.'! 2&'!'&(,&6)'! ,&2'!
A6&!2&!,)1.'+-),I!2:16,-9-5*2&!&,!2&!5y,*9&.,!RH&*)@1&/@&I!$\""S#!
u.&!0J1261,*-.!3&'!5&'-*.'!46,6)'!&.!4*5)&'!31.'!(&'!'&(,&6)'!0J-A60'!&',!+)0'&.,0&!31.'!2&!P152&16!














16! .*J&16! 2-(12#! 8-6)! 2&'! )1*'-.'! 0J-A60&'! +)0(03&99&.,I! 6.&! (-.,)*56,*-.! =! 21! J12-)*'1,*-.! 3&'!
4*5)&'!3&!(@1.J)&!&',!+)-+-'0&!31.'!9&'!,)1J16MI!.01.9-*.'!2&'!(-..1*''1.(&'!1(A6*'&'!36)1.,! 2&'!
*.J&',*/1,*-.'!+-6))-.,!'&)J*)!+-6)!2&'!4*5)&'!3*'+-.*52&'!16!E0.0/12#!




2&'!1(,*J*,0'!3&! )&(@&)(@&#!K&!304*(*,!&',! '1.'!3-6,&! 2*0!=! 2:@*',-*)&!3&! 21!(62,6)&!36!(@1.J)&I!&,!=! 21!
+)-36(,*-.! 3&'! '65',1.(&'! +'F(@-,)-+&'#! h)y(&! =! 3&'! '02&(,*-.'! J1)*0,12&'! &,! 3&'! 91.*+621,*-.'!
/0.0,*A6&'! )012*'0&'! +1)! 2:U]Q?I! 3&'! (62,*J1)'! 3-..1.,! 6.&! 41*52&! ,&.&6)! &.! P&,)1gF3)-K1..15*.-2!
RPgKSI! -.,! +&)9*'! 21! )&.1*''1.(&! 3&! 21! (62,6)&! 36! (@1.J)&! =! +1),*)! 3&'! 1..0&'! "BT\#! K&+&.31.,! *2!
4163)1! 1,,&.3)&! &.J*)-.! $O! 1.'! +-6)! -5'&)J&)! 6.&! ()-*''1.(&! 3&'! 1(,*J*,0'! 3&! )&(@&)(@&! '6)! 2&!




























Y&! (@1.J)&! &',! 6.&! +21.,&! )630)12&I! (z&',N=N3*)&! +&6! &M*/&1.,&! &.! ,&)9&! +03-(2*91,*A6&#! L22&! &',!
3:6.&!/)1.3&!J*,12*,0I!.0(&''*,1.,!16(6.&!*))*/1,*-.!&,!16(6.!+)-36*,!+@F,-'1.*,1*)&#!8&6!3:1++-),!&.!
4&),*2*'1.,! &',! .0(&''1*)&! (-.36*'1.,! =! 3&'! 3&91.3&'! 3:*.,&)J&.,*-.'! 2*9*,0&'#! L22&! (-.',*,6&!










3*,&'! 4*5)&'! ,&(@.*A6&'I! +1)! 3&'! +)-(030'!90(1.*A6&'#! Y&'! 4*5)&'! 2*50)*&..&'! '-.,! -)/1.*'0&'! '-6'!
4-)9&! 3&! 41*'(&16M! 31.'! 21! C-.&! +0)*+@0)*A6&! 3&! 21! ,*/&#! K@1A6&! 41*'(&16! (-.,&.1.,! A6&2A6&'!
3*C1*.&'!3&!4*5)&'!0209&.,1*)&'!A6*!'-.,!2*0&'!2&'!6.&'!16M!16,)&'!+1)!6.&!*.,&)41(&!+&(,*A6&#!
Y&'! 3*440)&.,'! +)-36*,'! -5,&.6'! 1*.'*! A6&! 2&6)! +)-+-),*-.! 1+)G'! &M,)1(,*-.! '-.,! +)0'&.,0'! '6)! 21!
Z*/6)&! "N;#! L.! Z)1.(&I! '6)! 6.&! '6)41(&! (62,*J0&! 1..6&22&9&.,! 3:&.J*)-.! >!\\\! =! "\! \\\! @1I! 2&!
)&.3&9&.,!3&'!+1*22&'!&',!&',*90!=!&.J*)-.!T!,-..&'[@1!'&2-.!ZQ%!RZQ%I!$\""S#!Y&'!4*5)&'!,&(@.*A6&'!
)&+)0'&.,&.,! $B! =! <$l! 36! +-*3'! 3&! 21! +1*22&! &,! '-.,! =! 3&',*.1,*-.! 3&'! 91)(@0'! +)*.(*+16M! 3&! 21!
+1+&,&)*&I!36!5y,*9&.,I!3&!2:16,-9-5*2&s#!Y&'!(@G.&J-,,&'!)&+)0'&.,&.,!OOl!36!+-*3'!3&!21!+1*22&!&,!
'-.,!J12-)*'0&'!31.'!2&'!91)(@0'!+)*.(*+16M!36!+1*221/&!@-),*(-2&I!36!5y,*9&.,I!36!5*&.Nn,)&!1.*912s#!
Y&'! +-63)&'! )&+)0'&.,&.,! &.J*)-.! "\! =! "OlI! &22&'! '-.,! (-9+1(,0&'! &,! 6,*2*'0&'! +-6)! 3:16,)&'!








29-32% de fibres 
55% de Chènevottes 
10-15% de Poudres 








31.'! 2&'! ,)1J16M! 3:?5-,! R?5-,I! $\"\S! &,! K)`.*&)! &,! 12#! RK)`.*&)! &,! 12#I! $\\OS#! E6)! 6.&! (-6+&!
,)1.'J&)'12&! 3:6.&! ,*/&! 3&! (@1.J)&! (-2-)0&! =! 2:1()*3*.&! -)1./&! RZ*/6)&! "N>SI! .-6'! 3*',*./6-.'! 3&'!
4*5)&'!3*,&'!+)*91*)&'!RZ+S!&,!3&'!4*5)&'!3*,&'!'&(-.31*)&'!RZ'S#!?J&(!6.&!4-),&!+)0'&.(&!31.'!21!C-.&!
+0)*+@0)*A6&! &M,&).&! 3&! 21! ,*/&I! 2&'! 4*5)&'! +)*91*)&'! +)0'&.,&.,! 6.&! 2-./6&6)! A6*! +&6,! 1,,&*.3)&!








8+@)&4, !IM,;, K-6+&! ,)1.'J&)'12&! 3&! 21! ,*/&! 3&! (@1.J)&! (-2-)0&! =! 2:1()*3*.&! -)1./&#! H*()-'(-+*&!
(-.4-(12&! =! 5121F1/&! 21'&)! 3:1+)G'! ?5-,! R?5-,I! $\"\S#! <H!D! 0+*3&)9&!^! 8H!D! 4*5)&'! +)*91*)&'!^! J9!D!
+@2-G9&!^!K!D!)1F-.'!+1)&.(@F91,&6M!^!83!D!4*5)&'!'&(-.31*)&'!^!>6!D!(195*69!^!PQ!D!MF2G9&#!





















Y:0+1*''&6)! 3&! 21! '-6'N(-6(@&! E"! &',! &',*90&! =! &.J*)-.! "\\! =! "<\! .9I! ,1.3*'! A6&! (&22&! 3&! E$! A6*!
)&+)0'&.,&!6.&!/)1.3&!91m-)*,0!3&! 2:0+1*''&6)! ,-,12&!3&! 21!+1)-*!&',!&',*90&!=!&.J*)-.!<!=!"<!{9#!
E&2-.! 2&'! ,)1J16M! 3&! P@F/&'&.! RP@F/&'&.I! $\\;SI! 21! (-6(@&! E$! &',! 4-)90&! +1)! +26'*&6)'! (-6(@&'!























R1, *422)2'34, &',! 2&! +)*.(*+12! (-.',*,61.,! 3&! 21! 4*5)&I! (:&',! 6.! @-9-+-2F9G)&! 2*.01*)&! 3&! /26(-'&!
(-9+-'0!3&!+26'*&6)'!6.*,0'!3&!βN%N/26(-'&'! RZ*/6)&!"N""S#!%&'!)0'&16M!+&6J&.,!'&! 4-)9&)!/)y(&!=!
3&'! 2*1*'-.'! *.,&)! &,! *.,)1N9-20(621*)&'! &.,)&! /)-6+&9&.,'! @F3)-MF2&'! 2*5)&'! 3&'! (@1*.&'!
/2F(-'*3*A6&'#! K&'! ',)6(,6)&'! (-9+-'0&'! 3&! +1),*&'! ()*',122*.&'! &,! 3&! C-.&'! 19-)+@&'I! '-.,!
-)/1.*'0&'! &.! 9*()-N4*5)*22&'#! K&'! 9*()-4*5)*22&'! 3&! (&2262-'&! (-.4G)&.,! =! 21! +1)-*! (&22621*)&! 3&'!
+&)4-)91.(&'! 90(1.*A6&'! *.,0)&''1.,&'! 1J&(! 3&'! ,16M! 3&! ()*',122*.*,0! 3&! 2:-)3)&! 3&! O<l! +-6)! 2&'!
4*5)&'!+)*91*)&'!3:1+)G'!X-.1,,*!&,!12#!RX-.1,,*!&,!12#I!$\\7S#!
?!2:*91/&!3&'!+)-+-),*-.'!3&'!(-.',*,61.,'!31.'!(@1A6&!(-6(@&I!2:-)*&.,1,*-.!3&!(&'!9*()-4*5)*22&'!16!










3&'! )19*4*(1,*-.'! '6)! 21! (@1*.&! +)*.(*+12&#! Y1! Z*/6)&! "N"$! )&+)0'&.,&! 21! ',)6(,6)&!9-20(621*)&! 3:6.!
,F+&!3:@09*(&2262-'&#!
!"##$#%&" '()*+"##$#%&"& ,*-.*." /"+0*." !*1" 23$
/1%4%10*%.







(-9+-'&.,I! '-.,! 3&'! 12(--2'! +@0.-2*A6&'! +#(-691)F2*A6&I! (-.*40)F2*A6&! &,! '*.1+F2*A6&#! E1!
3*',)*56,*-.!&',!.-.!@-9-/G.&!16!'&*.!3&!21!+1)-*!(&22621*)&!&,!&22&!&',!+)0'&.,&!&.!41*52&!+)-+-),*-.!


















































9n9&! 16,&6)!91*'! 0/12&9&.,! &.,)&! 2&'! 16,&6)'#! Y&'!9-F&.'! 1*.'*! A6&! 2&'!90,@-3&'! 6,*2*'0'! +-6)!
0J126&)! 2&'!+&)4-)91.(&'!3&'!4*5)&'!+&6J&.,!&M+2*A6&)!6.&!+1),*&!3&! 21!/)1.3&!3*'+&)'*-.!-5'&)J0&!
'6)! 2&'! )0'62,1,'! &.,)&! 2&'! 3*440)&.,'! 16,&6)'#! 8-6)! 6.&! 6,*2*'1,*-.! 91''*J&! 3&! (&'! 4*5)&'! =! 3&'!





































































































































(1)1(,0)*'1,*-.! &,! 3&! 9-302*'1,*-.! 3&'! 4*5)&'! J0/0,12&'#! Y&'! 3*440)&.,'! 9-F&.'! &,! 90,@-3&'! 3&!





Y1! (1)1(,0)*'1,*-.!90(1.*A6&!&',!6.&!0,1+&! *9+-),1.,&! 14*.!3&! )&.'&*/.&)! 2&! (-9+-),&9&.,!&,!3&!
30,&)9*.&)! 2&'! +&)4-)91.(&'! 3&'! 4*5)&'#! %*440)&.,&'! 90,@-3&'! 3&! '-22*(*,1,*-.! &M*',&.,! +-6)!
(1)1(,0)*'&)!6.!91,0)*16#!Y&'!&''1*'!3&!,F+&!,)1(,*-.!A61'*N',1,*A6&I!3F.19*A6&I!(-9+)&''*-.I!42&M*-.!
-6!.1.-*.3&.,1,*-.!'-.,!6,*2*'0'!+1)!3*440)&.,'!16,&6)'!31.'!21!2*,,0)1,6)&!+-6)!(1)1(,0)*'&)!2&'!4*5)&'!
J0/0,12&'#! K&'! &''1*'! '&! 3*',*./6&.,! +1)! 2&! 9-3&! 3&! '-22*(*,1,*-.I! 2&'! J*,&''&'! 3&! '-22*(*,1,*-.! &,!
2:0(@&22&! =! 21A6&22&! *2'! '-.,!9*'! &.!x6J)&#! K&+&.31.,! J6! 2&'! 3*9&.'*-.'! A6&! +)0'&.,&.,! 2&'! 4*5)&'I!




8-6)!3&'! )1*'-.'!3&! 41*'15*2*,0!&,!3&! 41(*2*,0!3&!9*'&!&.!x6J)&!&M+0)*9&.,12&I! 21!(1)1(,0)*'1,*-.!&.!
,)1(,*-.! A61'*N',1,*A6&! 31.'! 21! 3*)&(,*-.! 2-./*,63*.12&! &',! 21! 90,@-3&! 21! +26'! 6,*2*'0&! 31.'! 21!
2*,,0)1,6)&! +-6)! 2&'! 4*5)&'! J0/0,12&'#! K&! ,F+&! 3&! (1)1(,0)*'1,*-.! +)0'&.,&! .01.9-*.'! (&),1*.&'!
3*44*(62,0'#! Y1! +)&9*G)&! 3*44*(62,0! '&! '*,6&! 16! .*J&16! 3&! 21! +)0+1)1,*-.! 3&! 21! 4*5)&#! L.! &44&,! (-99&!
.-6'!2:1J-.'!0J-A60!+)0(03&99&.,I!2&!+)-(030!3&!304*5)1/&!.&!+&)9&,,1.,!+1'!3:-5,&.*)!6.!9n9&!
.*J&16! 3&! 30/)131,*-.! 3&'! *.,&)41(&'! +&(,*A6&'! &.,)&! 2&'! 4*5)&'I! *2! &',! 3*44*(*2&! 3&! ':1''6)&)! 36!
(1)1(,G)&!6.*,1*)&!3&!21!4*5)&!*'-20&#!Y1!+26+1),!3&'!16,&6)'!':1''6)&.,!36!(1)1(,G)&!6.*A6&!3&!21!4*5)&!
&.! ':1++6F1.,! '6)! '-.! 3*19G,)&! 9-F&.! &M,0)*&6)! =! 2:1*3&! 3:6.&! -5'&)J1,*-.! 9*()-'(-+*A6&! '-6'!
269*G)&! +-21)*'0&#! Y:1521,*-.! 3&! 21! +1)-*! (&22621*)&! 3&'! 4*5)&'! =! 2:1*3&! 3:6.! 41*'(&16! 3:*-.'! 4-(12*'0'!
&44&(,60&! +1)! 821(&,! R821(&,I! $\"<SI! 9-.,)&I! +-6)! 6.! 9n9&! 3*19G,)&! &M,0)*&6)I! 3&'! ',)6(,6)&'!
*.,&).&'! 3*440)&.,&'! 31.'! 2&! (1'! 36! (@1.J)&#! L.! &44&,! 21! Z*/6)&! "N"B! +)0'&.,&! 3&6M! 4*5)&'! 3:6.&!
,)&.,1*.&!3&!9*()-.'!3&!3*19G,)&!9-F&.!&M,0)*&6)!&,!9&,!&.!0J*3&.(&!6.&!3*440)&.(&!'*/.*4*(1,*J&!3&!
2&6)! ',)6(,6)&! *.,&).&#! u.&! 90,@-3&! 3&! 30,&)9*.1,*-.! )1+*3&! &,! .-.N3&',)6(,*J&! 3&! 21! ',)6(,6)&!












'&(,*-.! 6,*2&! 3&! 21! 4*5)&I! '-.,! 4-),&9&.,! 144&(,0&'! (-99&! 2:*226',)&! 2&'! 0A61,*-.'! R! "! S! &,! R! $! S#!
P@-91'-.! &,! 12#! RP@-91'-.! &,! 12#I! $\""1S! &,! V*)d! &,! 12#! RV*)d! &,! 12#I! $\"\S! -.,! 9*'! &.! 0J*3&.(&!
































K-9+,&! ,&.6! 3&! 21! ,1*22&! 3&'! 4*5)&'I! 2&'! 90,@-3&'! 3&! (1)1(,0)*'1,*-.! 3F.19*A6&! '-.,! ,)G'! +&6!
6,*2*'0&'! 31.'! 21! 2*,,0)1,6)&#! %&'! ,)1J16M! )0(&.,'!9&.0'! +1)!b*c(&d! Rb*c(&dI! $\"7S! -.,! +&)9*'! 3&!
9-.,)&)! 21! +-''*5*2*,0! 3:0J126&)! 2&'! +)-+)*0,0'! 3F.19*A6&'! 3&! (&),1*.&'! 4*5)&'#! K&'! ,)1J16M!













1 - fibre under test
2 - connecting frame
3 - air bearing
4 - bearing movable rod
5 - movable edge
6 - fixed edge
7 - adjustable support
8 - laser beam
9 - small steel ball
10 - ball dropping mechanism
11 - fixed holder





3&'! 4*5)&'I! 4-.,! A6&! 2&'! 0,63&'! )&(-6)1.,! =! (&,,&! 90,@-3&! 3&! (1)1(,0)*'1,*-.! '-.,! ,)G'! +&6!
.-95)&6'&'#! K&),1*.'! 16,&6)'! RE*.(21*)I! "BO\S! +)-+-'&.,! 3&'! 9-3&'! 3&! '-22*(*,1,*-.! 9&,,1.,! &.!
x6J)&!3&! 21! (-9+)&''*-.I!+1)9*!3:16,)&'!9-3&'!3&! '-22*(*,1,*-.#!u.&!3&!(&'! ,&(@.*A6&'! (-.'*',&!=!

















(&! ,F+&! 3&! (1)1(,0)*'1,*-.! &.! 30J&2-++1.,! 6.! 9*()-N)-5-,! 31.'! 21! (@195)&! 3:6.! 9*()-'(-+&!
02&(,)-.*A6&! =! 5121F1/&! RZ*/6)&! "N$OS#! %&'! ,&','! &44&(,60'! '6)! 3&'! 4*5)&'! 3&! 5-*'! -.,! +&)9*'! 3&!
)&9-.,&)!16M!+)-+)*0,0'!90(1.*A6&'!2-(12&'!&.!42&M*-.!3&'!4*5)&'#!











31.'! 2&'! ,)1J16M! 3&! (&),1*.'! 16,&6)'! RX12&FI! $\\$^! K*(@-(d*!  )#! 1.3! P@-91'-.I! $\\$^! h*.32! &,! 12#I!
$\\>S#! K&,,&! 1.*'-,)-+*&! =! 2:0(@&22&! 3&! 21! 4*5)&! )0'62,&! &.! ,-6,&! J)1*'&9521.(&! 3&! 2:1.*'-,)-+*&! 3&!
(&),1*.'! (-9+-'1.,'! +1)*0,16M! R(&2262-'&! &,! @09*(&2262-'&'S#! %1.'! '&'! ,)1J16M! 3&! ,@G'&I! X-6)9163!










Caractérisation dans le sens longitudinal de la fibre





Y&'! 9-F&.'! 1*.'*! A6&! 21! (-9+2&M*,0! 3&! 9*'&! &.! x6J)&! 3&! (&),1*.&'! 90,@-3&'! 3&! (1)1(,0)*'1,*-.!
(*,0&'! (*N3&''6'I! 4-.,! A6:=! 2:@&6)&! 1(,6&22&! 21!91m-)*,0! 3&'! 3-..0&'! 3*'+-.*52&'! 31.'! 21! 2*,,0)1,6)&!











g-)9*'! 21!+)-+-),*-.!3&'!3*440)&.,'!(-.',*,61.,'!A6*!(-9+-'&.,! 21! 4*5)&I!3:16,)&'!+1)19G,)&'!A6:*2'!
'-*&.,! 9*()-',)6(,6)16M! R?HZI! (-9+-'*,*-.! 5*-(@*9*A6&SI! 9-)+@-2-/*A6&'I! &.J*)-..&9&.,16MI! -6!
2*0'!=!21!+)0'&.(&!3&!C-.&'!3&!3*'2-(1,*-.'!-6!=!21!90,@-3&!&M+0)*9&.,12&!-.,!6.!*9+1(,!'*/.*4*(1,*4!
'6)!2&'!+)-+)*0,0'!90(1.*A6&'#!L.!&44&,I!(-99&!2:*226',)&!21!Z*/6)&!"N$>I!3*440)&.,'!16,&6)'!-.,!9*'!&.!
0J*3&.(&! 2:*.426&.(&! 3&! (&'! +1)19G,)&'! '6)! 2&'! +&)4-)91.(&'! 90(1.*A6&'! +-6)! 3*J&)'&'! &'+G(&'!
J0/0,12&'#!
K@1)2&,!RK@1)2&,I!$\\>S!&,!P@6162,!RP@6162,I!$\""S!-.,!0,63*0!31.'!2&6)'!,)1J16M!3&!,@G'&!2:*9+1(,!3&!
21!J*,&''&!3&!'-22*(*,1,*-.!'6)! 2&'!+)-+)*0,0'!90(1.*A6&'!3&'! 4*5)&'!3&! 2*.#! U2'!-.,!9-.,)0!6.&! 20/G)&!
3*9*.6,*-.!3&'!+&)4-)91.(&'!90(1.*A6&'!3&'!4*5)&'!3&!2*.!&.!4-.(,*-.!3&!21!J*,&''&!3&!'-22*(*,1,*-.#!
%&'!&''1*'!3:1.12F'&!90(1.*A6&!&.!3F.19*A6&!R%H?S!)012*'0'!+1)!821(&,! R821(&,I!$\\BS!-.,!9-.,)0!







&,!3&! 2*.!+-6)!3&'!.*J&16M!3:gQ!02&J0'!31.'! 2&'!,)1J16M!3&!(&),1*.'!16,&6)'! Rg-!P@*I!$\\>^!Q-63*&)I!
$\"$S#! P@6162,! RP@6162,I! $\""S! 9-.,)&! 6.&! 9&*22&6)&! +&)4-)91.(&! 3&'! 4*5)&'! 3&! 2*.! 16! .*J&16! 3&!
2:122-./&9&.,!=!)6+,6)&!+-6)!3&'!gQ!02&J0&'#!





















bois lin chanvre jute coir
E; σR; ε E; σR; ε
E’     tanδ
E; σR E; σR
E; σR
E; σR E; σR
σR
σR E







Y1! 2*,,0)1,6)&! +)0'&.,&I! +26'*&6)'! ,F+&'! 3&! (-9+-),&9&.,! &.! ,)1(,*-.! A61'*N',1,*A6&! '6)! 2&'! 4*5)&'!
J0/0,12&'! (-99&! 2:*226',)&! 21! Z*/6)&! "N$B#! Y:-)*/*.&!3&! (&'! 3*440)&.,'! ,F+&'! 3&! (-9+-),&9&.,! &',! =!
2:@&6)&!1(,6&22&!3*'(6,0&!16!'&*.!3&!21!(-996.16,0#!P)-*'!,F+&'!3&!(-9+-),&9&.,!-.,!0,0!-5'&)J0'!
31.'!2&'!,)1J16M!3&!%6J12!&,!12#!R%6J12!&,!12#I!$\""S!&,!8*(d&)*./!R8*(d&)*./!&,!12#I!$\\TS!'6)!2&'!4*5)&'!
3&! (@1.J)&#! K&'! ,)-*'! (-9+-),&9&.,'! +)0'&.,&.,! 6.! ,F+&! 4-),&9&.,! .-.N2*.01*)&! A6*! &',! )&,)-6J0!
0/12&9&.,! '6)! 3:16,)&'! &'+G(&'! J0/0,12&'! (-99&! 2&! 2*.! RX12&FI! $\\$S! &,! =! 2:0(@&22&! 3&'! 4*5)&'!
0209&.,1*)&'!*''6&'!36!5-*'!R81/&!1.3!LUNg-''&*.FI!"BT"S#!







3&'! 4*5)&'! &.! ,)1(,*-.! A61'*N',1,*A6&#! 81/&! &,! L2Ng-''&*.F! R81/&! 1.3! LUNg-''&*.FI! "BT"S! 1J1*&.,!




9*()-4*5)*22&'! 3&! (&2262-'&! +&.31.,! 2&! (@1)/&9&.,#! X6)/&),! RX6)/&),I! $\\;S! 31.'! '&'! ,)1J16M! 1!
&44&(,60!3&'!&''1*'! %&'(%)*!'6)!3&'!4*5)&'!3&!5-*'!&,!1!9*'!&.!0J*3&.(&!6.&!3*9*.6,*-.!3&!2:?HZ!'-6'!
'-22*(*,1,*-.!90(1.*A6&!31.'!2&!'&.'!3&'!4*5)&'!RZ*/6)&!"N<\S#!
E6)! 2&'!4*5)&'! *''6&'!3&'!+21.,&'!1..6&22&'I! 2&'!)0'62,1,'!3&!21! 2*,,0)1,6)&!'-.,!+1)4-*'!(-.,)13*(,-*)&'!
'6)! 2:0J-26,*-.!3&! 2:?HZ!16!(-6)'!36!(@1)/&9&.,#!%&'!+@0.-9G.&'!3:&.3-991/&9&.,! *.36*,'!+1)!
3&'!(-.,)1*.,&'!3&!(*'1*22&9&.,!16!'&*.!3&!21!+1)-*!(&22621*)&!'-.,!+)-+-'0'!31.'!2&'!,)1J16M!3&!X12&F!
&,!12#!RX12&F!&,!12#I!$\"$S!+-6)!&M+2*A6&)!(&,,&!.-.N2*.01)*,0#!
821(&,! R821(&,I! $\"<S! +)-+-'&! 6.&! @F+-,@G'&! 2*0&! =! 21! 4-*'! =! 21! )0-)*&.,1,*-.! 3&'! 9*()-4*5)*22&'! &,!
0/12&9&.,!16!(-9+-),&9&.,!J*'(-021',*A6&!3&'!(-9+-'1.,'!19-)+@&'!3&!21!+1)-*!(&22621*)&#!%1.'!(&!















L22*'I! "BB7S#! K&,,&! J-2-.,0! 3&! 21! (-996.16,0! 5-*'! 3:0,63*&)! (&! +@0.-9G.&! &',! 3*(,0&! +1)!
2:1++2*(1,*-.!3&'!4*5)&'!31.'!2&!3-91*.&!3&!21!+y,&!=!+1+*&)!&,!3&'!+)-36*,'!3:&951221/&#!L.!&44&,!2&'!
4*5)&'! 3&! 5-*'! +)0'&.,&.,! 6.&! 304-)91,*-.! *.',1.,1.0&! 1*.'*! A6:6.&! 304-)91,*-.! 3*440)0&! '-6'!
2:1++2*(1,*-.! 3:6.&! (@1)/&! 91*.,&.6&! (-.',1.,&! 16! (-6)'! 36! ,&9+'I! ,09-*/.1.,! 3:6.! (1)1(,G)&!
J*'(-021',*A6&!3&'!4*5)&'#!
Y&'! (-.3*,*-.'! &.J*)-..&9&.,12&'! -.,! 0/12&9&.,! 6.! &44&,! '*/.*4*(1,*4! '6)! 2&! (-9+-),&9&.,! 3*440)0!
3&'!4*5)&'#!a6!&,!12#!Ra6!&,!12#I!$\"\S!31.'!2&6)'!,)1J16MI!-.,!9-.,)0!A6&!2&!.*J&16!3&!304-)91,*-.!3&'!
4*5)&'!3&!5195-6!&',!3:16,1.,!+26'! *9+-),1.,!A6&! 2&!.*J&16!3:@69*3*,0!31.'! 21! 4*5)&! RZ*/6)&!"N<"S#!







u.! (-6+21/&! @F/)-N90(1.*A6&! +&6,! *.36*)&! +-6)! 2&'! 4*5)&'! 3&! 5-*'! 6.&! 16/9&.,1,*-.! 3&! 21!
304-)91,*-.! 3*440)0&! &.! 4261/&! '-6'! J1)*1,*-.! (2*91,*A6&#! L.! &44&,! +26'*&6)'! 16,&6)'! R%-./! &,! 12#I!
$\\B^!g15&/&)!1.3!K-44*.I!$\\\^!g15&/&)!&,!12#I!$\\"^!]1J*!&,!12#I!$\\$^!W2''-.!&,!12#I!$\\;^!E&321(@&d!
1.3! L22*'I! "BB7S! -.,! 0,63*0! (&! +@0.-9G.&! 1++&20! &44&,! 90(1.-N'-)+,*4! &,! -.,! 9-.,)0! '-6'!
(@1)/&9&.,! 90(1.*A6&! (-.',1.,I! 6.&! 1((020)1,*-.! 3&! 21! J*,&''&! 3&! 304-)91,*-.! *.36*,&! +1)! 6.&!
J1)*1,*-.!3:gQ#!
Y:&M*',&.(&! 3&! (&,,&! 1((020)1,*-.! 3&! 4261/&! 1+)G'! 6.! (F(2&! 3&! J1)*1,*-.! 3:gQ! RZ*/6)&! "N<$SI! &',!
21)/&9&.,!3*'(6,0&!'6)!2&'!4*5)&'!0209&.,1*)&'!3&!5-*'#!%&'!)0'62,1,'!(-.,)13*(,-*)&'!'-.,!)&(&.'0'#!
E&321(@&d!&,!L22*'!RE&321(@&d!1.3!L22*'I!"BB7S!)1++-),&.,!31.'!2&6)'!,)1J16MI!2:15'&.(&!3:1((020)1,*-.!
3&! 4261/&! '-6'! (F(21/&! 3:gQ#! Y&'! ,)1J16M! 3:W2''-.! &,! 12#! RW2''-.! &,! 12#I! $\\;S! 9-.,)&.,! 6.&!
1((020)1,*-.! 3&! 4261/&! 1+)G'! 6.! (F(21/&! 3:gQ! A6&2A6&! '-*,! 2&! .*J&16! 3&! (@1)/&9&.,! RP152&16!
"#<S#%-./!&,!12#! R%-./!&,!12#I!$\\BS!0,152*''&.,!31.'! 2&6)'! ,)1J16M!6.&! )&21,*-.!&.,)&! 2:&M*',&.(&!36!
4261/&!90(1.-N'-)+,*4!&,!2:1./2&!3&'!9*()-4*5)*22&'!R?HZS#!U2'!1J1.(&.,!A6&!+26'!2:?HZ!&',!*9+-),1.,I!
9-*.'!2:1((020)1,*-.!3&!4261/&!&',!J*'*52&!&,!*.J&)'&9&.,#!%:1+)G'!(&,,&!@F+-,@G'&I!*2!&',!4-),!+)-5152&!
A6&! (&,,&! 1((020)1,*-.! 3&! 4261/&! &M*',&! (@&C! 2&'! 4*5)&'! *''6&'! 3&'! +21.,&'! 1..6&22&'! 36! 41*,! 3&! 2&6)!
41*52&!?HZ#!?! 2:@&6)&!1(,6&22&!&,!=! 21! 2&(,6)&!3&! 21! 2*,,0)1,6)&I! *2! '&952&!A6:16(6.! )0'62,1,!.:1*,!0,0!
+652*0!'6)!2:&M*',&.(&!3&!(&!+@0.-9G.&!+-6)!2&'!4*5)&'!0209&.,1*)&'!*''6&'!3&'!+21.,&'!1..6&22&'#!u.!
4261/&!90(1.-N'-)+,*4!1!0,0!-5'&)J0!+1)!K02*.-!RK02*.-I!$\"<S!+-6)!3&'!,-)-.'!3&!4*5)&'!3&!m6,&#!















!"# ± @A $$# ± 6@
<3+*%&'"??".&(1B'C="
!"#$%&&%'±()*+,-,$.%/
%&± DA %'± E
F#1&55&'+&'+:73.0"1#3('GH%3/'
!"0&/'1'23')#&4,*&,%








Y&! )&(-6)'! =! 3&'! 9-3G2&'! 9*()-N90(1.*A6&'! +&6,! (-.',*,6&)! 6.&! '-26,*-.! *.,0)&''1.,&! 31.'! 21!
(-9+)0@&.'*-.! 3&'! +@0.-9G.&'! =! 2:-)*/*.&! 3&'! 3*440)&.,'! ,F+&'! 3&! (-9+-),&9&.,! -5'&)J0'!
&M+0)*9&.,12&9&.,#!K&'!9-3G2&'!+&6J&.,!0/12&9&.,!'&)J*)!3:-6,*2'!3&!+)03*(,*-.!36!(-9+-),&9&.,#!
%1.'! (&,,&! +1),*&! 3&! .-,)&! ,)1J1*2I! .-6'! .-6'! *.,0)&''-.'! 16M! 9-3G2&'! 51'0'! '6)! 21! ,@0-)*&! 3&! 21!
90(1.*A6&! 3&'! 9*2*&6M! (-.,*.6'#! K&'! 9-3G2&'! 3*'+-.*52&'! 31.'! 21! 2*,,0)1,6)&I! '-.,! +)0'&.,0'! &,!
'F.,@0,*'0'!(*N1+)G'#!
h1''1.! &,! 12#! Rh1''1.! &,! 12#I! $\\"S! 31.'! 2&6)'! ,)1J16M! -.,! +)-+-'0! 3&6M! ,F+&'! 3&!9-3G2&'! RZ*/6)&!
"N<<S!14*.!3&!+)03*)&! 2&!(-9+-),&9&.,!1*.'*!A6&! 2&'!+&)4-)91.(&'!3&'! 4*5)&'!0209&.,1*)&'!3&!5-*'#!
Y&6)! H-3&2! i?:! 3&! ,F+&! +21A6&! +)-+-'&! 3&! (-.'*30)&)! 21! 4*5)&! (-99&! 6.&! ',)6(,6)&! ',)1,*4*0&!
1.,*'F90,)*A6&! =! >! (-6(@&'#! Y&6)!H-3&2! iX:! (-.'*3G)&! 21! 4*5)&! (-99&! 6.! ,65&! (-9+-'*,&! ',)1,*4*0!
(-9+-'0! 3&! 7! (-6(@&'! (-.(&.,)*A6&'#! L.! +26'! 3&'! 3*440)&.(&'! 36! .-95)&! 3&! (-6(@&'! &,! 3&!
9-)+@-2-/*&!&.,)&!(&'!3&6M!9-3G2&'I!21!+)0'&.(&!36!J*3&!(&22621*)&!.:&',!+1'!+)*'&!&.!(-9+,&!31.'!2&!
H-3&2! i?:#! %1.'! (&'! 3&6M! 9-3G2&'I! (@1A6&! (-6(@&! &',! (-9+-'0&! 3&! (&2262-'&! .-F0&! 31.'! 6.&!





+)-+-),*-.! 3&'! (-.',*,61.,'! R(&2262-'&I! @09*(&2262-'&'I! 2*/.*.&S! 31.'! (@1A6&! (-6(@&! 1*.'*! A6&! 2&'!
?HZ#! Y:0+1*''&6)! 3&! (@1A6&! (-6(@&! 1! 0,0! 0/12&9&.,! 131+,0&! '&2-.! 2&'! )0'62,1,'! &M+0)*9&.,16M#!
Y:&M+2-*,1,*-.!3&'!)0'62,1,'!9-.,)&!6.&!(@6,&!36!9-362&! 2-./*,63*.12!&.!4-.(,*-.!3&! 2:0J-26,*-.!3&!
2:?HZ!3&!21!(-6(@&!E$!'6)!2&'!3&6M!9-3G2&'!RZ*/6)&!"N<7S#!K&,,&!3*9*.6,*-.!36!9-362&!&.!4-.(,*-.!3&!
2:?HZ!'&952&!&.!1((-)3!1J&(! 2&'!-5'&)J1,*-.'!&M+0)*9&.,12&'!3&!(&),1*.'!16,&6)'! '6)! 2&'! 4*5)&'!3&!
5-*'#!
Y&'! )0'62,1,'! 3&'! 3&6M! 9-3G2&'! 9-.,)&.,! 0/12&9&.,! 6.&! '-6'N&',*91,*-.! 36! 9-362&! 2-./*,63*.12!
2-)'A6&! 2&! J*3&! (&22621*)&! .:&',! +1'! +)*'! &.! (-9+,&! 31.'! 2&! H-3&2! i?:#! H12/)0! 2&'! 3*44*(62,0'!










RH1)d26.3! 1.3! V1).1I! $\\B1I! $\\B5^! ]&1/6! 1.3! h19',&3,I! $\\T^! ]*2''-.! 1.3! h6',14''-.I! $\\T^!
821(&,! &,! 12#I! $\"$1I! $\"$5^! Q-63*&)I! $\"$^! E&3*/@*! h*21.*! 1.3! ]1J*I! $\\;^! P@6162,I! $\""S#! ?6M!






9-3G2&!=! 2:16,)&#!K-.'*30)1.,! 2&!J-269&!3&!21!'-6'N(-6(@&!E$!91m-)*,1*)&!31.'! 21!4*5)&!0209&.,1*)&I!
3&'!@F+-,@G'&'!'*9+2*4*(1,)*(&'!'6)! 2&'!16,)&'!(-6(@&'!'-.,!13-+,0&'!+1)!(&),1*.'!16,&6)'!31.'! 2&6)!
9-3G2&#! P@6162,! RP@6162,I! $\""S! 9-.,)&! 31.'! '&'! ,)1J16M! 6.&! 20/G)&! '6)&',*91,*-.! 36! 9-362&!
2-./*,63*.12!&.!(-.'*30)1.,!6.*A6&9&.,!21!(-6(@&!E$!31.'!21!9-302*'1,*-.#!
%&'! 3*440)&.(&'! '-.,! 0/12&9&.,! )&(&.'0&'! 16! .*J&16! 3&! 2:@-9-/0.0*'1,*-.! 3&'! 3*440)&.,'!
(-.',*,61.,'! 3&! 21! 4*5)&! 31.'! (@1A6&! (-6(@&#! L.! &44&,I! 821(&,! &,! 12#! R821(&,! &,! 12#I! $\"$1I! $\"$5S!
+)-+-'&.,!6.&!1++)-(@&!3:@-9-/0.0*'1,*-.!&.!+)&.1.,!&.!(-9+,&! 21!(&2262-'&!19-)+@&!31.'! 2&6)!
9-302*'1,*-.#! ?+)G'! 1J-*)! @-9-/0.0*'0! 2&'! +)-+)*0,0'! 90(1.*A6&'! 3&'! @09*(&2262-'&'! &,! 3&! 21!
2*/.*.&I! &,! 3:16,)&! +1),! (&22&'! 3&! 21! (&2262-'&! ()*',122*.&! &,! 19-)+@&I! *2'! +)-(G3&.,! =! 6.&!





























S2"8",# F.5 M E B E
$>!
!
@-9-/0.0*'1,*-.! 3&! 2:&.'&952&! 14*.! 3:-5,&.*)! 6.! 91,0)*16! 0A6*J12&.,! +-6)! (@1A6&! '-6'! (-6(@&#!
%1.'! 2&'! 16,)&'! 9-3G2&'I! 21! (&2262-'&! 19-)+@&! &',! -((62,0&! 31.'! 21! (-9+-'*,*-.! 3&'! 3*440)&.,&'!
(-6(@&'I!+)-5152&9&.,!36!41*,!3&!21!90(-..1*''1.(&!3&!2:62,)1N',)6(,6)&!RW:E622*J1.I!"BBTS#!
]*2'-.! &,! h6',14''-.! R]*2''-.! 1.3! h6',14''-.I! $\\TS! +)-+-'&.,! 6.&! 9-302*'1,*-.! +1),*(62*G)&! 3&'!
C-.&'!3&!3*'2-(1,*-.'!+1)!)1++-),!16M!C-.&'!1J-*'*.1.,&'I!,1.3*'!A6&!E&3*/@*Nh*21.*!&,!]1J*! RE&3*/@*!
h*21.*!1.3!]1J*I!$\\;S!+)-+-'&.,!6.&!3*',)*56,*-.!.-.N6.*4-)9&!3&!2:?HZ!2&!2-./!3&!21!4*5)&#!K&),1*.'!
16,&6)'! RH1)d26.3! 1.3! V1).1I! $\\B5^! ]&1/6! 1.3! h19',&3,I! $\\T^! 821(&,! &,! 12#I! $\"$5^! Q-63*&)I!
$\"$S! +)&..&.,! &.! (-9+,&! 31.'! 2&6)!9-3G2&! 2:&44&,! 3&! 2:gQ! '6)! 2&'! +)-+)*0,0'! 3*9&.'*-..&22&'! &,!
90(1.*A6&'!3&'!3*440)&.,'!(-.',*,61.,'!3&!21!4*5)&#!
Y&!(-9+-),&9&.,!36!91,0)*16!@-9-/0.0*'0!&',!(-.'*30)0!021',*A6&!2*.01*)&!31.'!21!91m&6)&!+1),*&!
3&'!9-3G2&'! &M*',1.,'I! '&62'! 2&'! ,)1J16M! 3&! ]*2''-.! &,! 12#! R]*2''-.! 1.3! h6',14''-.I! $\\TSI! E&3*/@*N
h*21.*!&,!]1J*!RE&3*/@*!h*21.*!1.3!]1J*I!$\\;S!&,!P@6162,!RP@6162,I!$\""S!+)-+-'&.,!6.!(-9+-),&9&.,!
021',-N+21',*A6&! +-6)! 21!91,)*(&#! L.! &44&,! +-6)! &M+2*A6&)! 2&! (-9+-),&9&.,! .-.N2*.01*)&! 3&'! 4*5)&'!
J0/0,12&'! -5'&)J0! &M+0)*9&.,12&9&.,! &.! ,)1(,*-.! A61'*N',1,*A6&I! (&'! 16,&6)'! 1J1.(&.,! 3&'!






J0/0,12&'! &,! +26'! +1),*(62*G)&9&.,! '6)! 2&'! 4*5)&'! *''6&'! 3&'! +21.,&'! 1..6&22&'#! h)y(&! 16M! )0'62,1,'!
+)-9&,,&6)'!3&'!3*440)&.,'!16,&6)'!(*,0'!31.'!(&!,)1J1*2I!(&),1*.&'!4*5)&'!(-99&!2&!2*.!&,!2&!(@1.J)&I!
&.! +26'! 3&! 2&6)'! 1J1.,1/&'! 0(-2-/*A6&! &,! 0(-.-9*A6&I! 9-.,)&.,! 3&'! +&)4-)91.(&'! 90(1.*A6&'!
*.,0)&''1.,&'!+-6)!n,)&!6,*2*'0&'!31.'!3&'!1++2*(1,*-.'!=!@16,&!+&)4-)91.(&#!K&+&.31.,!(-99&!.-6'!
2:1J-.'!9*'!&.!0J*3&.(&!31.'!(&!,)1J1*2I!(&),1*.'!4)&*.'!)0'*3&.,!=!2:@&6)&!1(,6&22&!31.'!2&!91.A6&!3&!
91t,)*'&! 3&! 2&6)! (-9+-),&9&.,! 1*.'*! A6&! 3&! 2&6)'! +&)4-)91.(&'!90(1.*A6&'#! U2! &',! (21*)! A6&! +-6)!







#NL$H%TK'P( J'P( U%Q&'P( NON#'HI$%&'P( J'( LS$HV&'( P"KP( KH(
'HV%&"HH'#'HI(L"HPI$HI('H(I&$LI%"H(TK$P%@PI$I%TK'(
5W6 )HI&"JKLI%"H(






(@1)/&9&.,! '-.,! 1++2*A60'! &.! ,)1(,*-.! &,! 3&'! &''1*'! '-6'! 9*()-'(-+&! -+,*A6&! '-.,! )012*'0'#! Y&'!
)0'62,1,'! -5,&.6'! '-.,! *.,&)+)0,0'! &,! 6.! '(0.1)*-! &',! +)-+-'0! 14*.! 3:&M+2*A6&)! 2&'! +@0.-9G.&'!
-5'&)J0'#!
%1.'! 6.&! ,)-*'*G9&! &,! 3&).*G)&! +1),*&I! 2&'! +)-+)*0,0'! 90(1.*A6&'! (-22&(,0&'! '6)! 6.! .-95)&!
*9+-),1.,! 3&! 4*5)&'! '-.,! +)0'&.,0&'! 1*.'*! A6:6.&! 3*'(6''*-.! &,! 6.&! *.,&)+)0,1,*-.! ',1,*',*A6&! 3&'!
)0'62,1,'!&M+0)*9&.,16M#!
Y&'! &''1*'! )012*'0'! 31.'! (&,,&! +1),*&! -.,! 0,0! &44&(,60'! '-6'! 3&'! (-.3*,*-.'! &.J*)-..&9&.,12&'!
(-.,)`20&'! RPj$<kK!^! gQj$OlS#! K&'! (-.3*,*-.'! &.J*)-..&9&.,12&'! ,)G'! 02-*/.0&'! 3&'! (-.3*,*-.'!
195*1.,&'I!-.,!0,0!9-,*J0&'!+1)!3&'!(-.'*30)1,*-.'! 2*0&'!16M!(-.3*,*-.'!-5'&)J0&'! 2-)'!36!+)-(030!
3&! 415)*(1,*-.! 3&'! (-9+-'*,&'! =! )&.4-),'! J0/0,16M#! Y:-5m&(,*4! 3&! (&! (@1+*,)&! &',! 3:0,63*&)! 2&!









'0+1)&)! 2&'! 4*5)&'! 0209&.,1*)&'! 36! 41*'(&16#! Y&'! 90,@-3&'! (@*9*A6&'! -6! 90(1.*A6&'! +&6J&.,!
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RX-6)9163! &,! 12#I! $\"\S! '6)! 2&! 2*.! &',! +)040)0&! '6)! .-'! 2-,'! 3&! 4*5)&'#! K&,,&! 90,@-3&! (-.'*',&! =!
+2-./&)! 2&'! 41*'(&16M! 3&! 4*5)&'! 31.'! 6.! 51*.! 91)*&! =! <\kK! +&.31.,! T$@I! 1+)G'! '0(@1/&! 2&'! 4*5)&'!
0209&.,1*)&'!+&6J&.,!1*.'*!n,)&!'0+1)0&'!41(*2&9&.,!31.'!2&'!41*'(&16M#!K&!,)1*,&9&.,!=!2:&16!+&)9&,!
3&!30/)13&)!2:*.,&)41(&!+&(,*A6&#!
u.&! 4-*'! *'-20&'I! 2&'! 4*5)&'! 0209&.,1*)&'! '-.,!+-'*,*-..0&'!91.6&22&9&.,! '6)!3&'! (13)&'! &.!+1+*&)!
4&.n,)0'!(-99&!2:*226',)&!21!Z*/6)&!$N"#!u.&!/-6,,&!3&!(-22&!&',!&.'6*,&!1m-6,0&!=!(@1A6&!&M,)09*,0!3&!





?+)G'! 1J-*)! *'-20! &,! +)0+1)0! 2&'! 4*5)&'! 0209&.,1*)&'! '6)!3&'! (13)&'! &.!+1+*&)I! .-6'!+)-(03-.'! =! 21!
9&'6)&! 36! 3*19G,)&! &M,0)*&6)!9-F&.! 3&'! 4*5)&'! '-6'!9*()-'(-+&! -+,*A6&#! Y&'! 4*5)&'! 0209&.,1*)&'!
+)0'&.,1.,!6.&!9-)+@-2-/*&!1''&C!(-9+2&M&!R+,!K@1+*,)&!"!D!"#<#$SI! 21!A6&',*-.!A6*!&',!+-'0&!*(*!&',!
3&! '1J-*)! 2&! .-95)&! 3&! 9&'6)&'! A6:*2! 416,! &44&(,6&)! &,! =! A6&2! /)-''*''&9&.,! +-6)! 30,&)9*.&)! 2&!
3*19G,)&!&M,0)*&6)!9-F&.!3&!21!4*5)&#!?4*.!3&!)0+-.3)&!=!(&,,&!A6&',*-.I!.-6'!1J-.'!+)-(030!=!6.&!
'0)*&! 3&! 9&'6)&'! &'+1(0&'! 3&! A6&2A6&'! 9*()-.'! 31.'! 21! 2-./6&6)! '6)! 6.&! 4*5)&! +-6)! 3*440)&.,'!
/)-''*''&9&.,'#! ?! 2:*''6&! 3&! (&'! 9&'6)&'I! 2&'! 3*19G,)&'! &M,0)*&6)'! 9-F&.'! '-.,! )&+)0'&.,0'! &.!














'6)! 21! 90,@-3&! =! 6,*2*'&)! +-6)! &',*9&)! 21! J12&6)! 9-F&..&! 36! 3*19G,)&#! K&'! )0'62,1,'! (-.36*'&.,!
/0.0)12&9&.,!=!(-.(26)&!A6:6.&!4*5)&!.&!+&6,!+1'!n,)&!304*.*&!+1)!6.&!J12&6)!9-F&..&!3&!3*19G,)&#!
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]-,-.'!A61.3!9n9&!A6&! 2&!(-&44*(*&.,!3&!J1)*1,*-.!&',!+26'! 41*52&!+-6)! 2&'!9&'6)&'! )012*'0&'!1J&(!






E-*M1.,&! 4*5)&'!0209&.,1*)&'!3&! (@1.J)&!-.,!0,0! *'-20&'!&,!9&'6)0&'I! 21!3*',)*56,*-.!3&'!3*19G,)&'!
&M,0)*&6)'!9-F&.'!&',!+)0'&.,0&!'6)!21!Z*/6)&!$N<#!81)9*!2&'!3*440)&.,&'!2-*'!',1,*',*A6&'!,&',0&'I! 2&'!
2-*'! Y-/N.-)912&! &,! h1991! '-.,! *3&.,*4*0&'! (-99&! (&22&'! (-6J)1.,! 16! 9*&6M! 21! 3*',)*56,*-.! 3&'!
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(-6)'! 3:6.! &''1*I! m:1*! 6,*2*'0! 6.&! +21,*.&! 3&!9*()-N,)1(,*-.! 30J&2-++0&! 31.'! 2:0A6*+&#! K&,,&! +21,*.&I!
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',1,*A6&!1J&(!6.&!J*,&''&!3&!30+21(&9&.,!3&!O!{9['!m6'A6:=!)6+,6)&#!?+)G'!,)1*,&9&.,!3&'!3-..0&'I!
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Y&'! )0'62,1,'! 3&'! &''1*'! 9-.,)&.,! <>l! 3&! ,F+&"! 30()*J1.,! 6.&! 1226)&! A61'*! 2*.01*)&! 36)1.,! 2&!
(@1)/&9&.,I!$"l!3&!,F+&$!30()*J1.,!6.&!1226)&!=!3&6M!+&.,&'!3*',*.(,&'I!&,!7"l!3&!,F+&<!30()*J1.,!
6.&!1226)&!=!<!+&.,&'!3*',*.(,&'#!K&'!,)-*'!,F+&'!3&!(-9+-),&9&.,!-.,!0,0!-5'&)J0'!0/12&9&.,!'6)!2&!
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<"=+$'> <"=+$'? <"=+$'@ <"=+$'A <"=+$'B <"=+$'C
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CD ?G'8'>BB ?D'8'>?? ?F'8'CE >G'8'GD ?B'8'>DG ??'8'CE
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Niveau de chargement (mN)
























R<\! 9*.! &,! <! @S#! Y:1226)&! 3&'! )0+-.'&'! &.! (-.,)1*.,&[304-)91,*-.! 3&'! 4*5)&'! '&952&! ,-6m-6)'!
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Y1! (&2262-'&! 0,1.,! 5*)04)*./&.,&I! *2! &',! +-''*52&! 3&!9&,,)&! &.! 0J*3&.(&I! '-6'! 269*G)&! +-21)*'0&I! 3&'!
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+-21)*'0&!+&)9&,!3&!9&,,)&!&.!0J*3&.(&! 2&'! C-.&'!31.'! 2&'A6&22&'! 2&'!?HZ!'-.,!3*440)&.,'! '6)!6.&!
2-./6&6)! 3&! 4*5)&#! u.&! 269*G)&! 3&! 4-),&! *.,&.'*,0! &',! )&.J-F0&! 31.'! 2&'! C-.&'! 3&! 3*'2-(1,*-.'! A6*!
+)0'&.,&.,! 3&'! ?HZ! +26'! *9+-),1.,'! A6&! 2&'! 16,)&'! C-.&'! 1J-*'*.1.,&'! 3&! 21! 4*5)&! R-,! (@1+*,)&! "!D!
"#<#<S#!?*.'*!/)y(&!=!3&'!-5'&)J1,*-.'! %&'(%)*I! 2&!'6*J*!3&! 2:0J-26,*-.!3&'!?HZ!&.!+1),*(62*&)!31.'!(&'!
C-.&'! 3&! 3*'2-(1,*-.'! 16! (-6)'! 3:6.! (@1)/&9&.,! 90(1.*A6&! 3&J*&.,! +-''*52&! /)y(&! =! 3&'!
0A6*+&9&.,'!131+,0'#!
Y1!9*()-N+21,*.&!3&! ,)1(,*-.!+)0'&.,0&!+)0(03&99&.,!&',! 6,*2*'0&! *(*! 14*.!3&! '6*J)&! 2:0J-26,*-.!3&'!
?HZ!31.'! 2&'! C-.&'!3&!3*'2-(1,*-.'!-5'&)J0&'! '6)!.-'! 4*5)&'!0209&.,1*)&'#!%&6M! ,F+&'!3:&''1*'!-.,!
0,0! )012*'0'! 1J&(! (&,! 1++1)&*2#! K&6MN(*I! 1*.'*! A6&! 2&'! )0'62,1,'! 3&'! -5'&)J1,*-.'I! '-.,! +)0'&.,0'! (*N
3&''-6'#!
N Y&!+)&9*&)! ,F+&!3:&''1*! (-.'*',&I! 1+)G'! 1J-*)! +21(0! 21! 4*5)&! '6)! 2&!3*'+-'*,*4! &M+0)*9&.,12I! =!
*3&.,*4*&)! 2&'! C-.&'! 3&! 3*'2-(1,*-.'! &.! 2:15'&.(&! 3&! (@1)/&9&.,! (-99&! 2:*.3*A6&.,! 2&'!
&22*+'&'!(-2-)0&'!'6)!21!Z*/6)&!$N";#!L.!+)-(031.,!+1)!21!'6*,&!=!3&'!(@1)/&9&.,'!+)-/)&''*4'!
+1)! +1'! 3&! $\! 9]I! .-6'! +-6J-.'! -5'&)J&)! 6.&! 3*'+1)*,*-.! A61'*N,-,12&! 3&! (&'! C-.&'! 3&!
3*'2-(1,*-.'!+-6)!6.!.*J&16!3&!(@1)/&9&.,!0A6*J12&.,!=!"$\!9]#!K&!,F+&!3:&''1*!1!0,0!)0+0,0!
'6)!A6&2A6&'!4*5)&'!0209&.,1*)&'I!&,!2&'!)0'62,1,'!9-.,)&.,!,-6'!6.&!3*'+1)*,*-.!3&'!C-.&'!3&!









N Y&!'&(-.3!,F+&!3:&''1*!)012*'0!1J&(! 21!9*()-N+21,*.&!&',!+)0'&.,0!'6)! 21!Z*/6)&!$N"T#!K&!,F+&!
3:&''1*! (-.'*',&I! 1+)G'! 1J-*)! *3&.,*4*0! 2&'! C-.&'! 3&! 3*'2-(1,*-.'I! 3:1++2*A6&)! 6.! &44-),!
'644*'199&.,! *9+-),1.,! 14*.! 3:-5'&)J&)! 21! 3*'+1)*,*-.! 3&! (&'! C-.&'! 3&! 3*'2-(1,*-.'! '1.'!
)6+,6)&! 3&! 21! 4*5)&#! L.! +)-(031.,! 1*.'*I! .-6'! -5'&)J-.'! 6.&! )01++1)*,*-.! 3&! (&'! C-.&'! 3&!







+)-+-'-.'! 31.'! 21! '6*,&! 2&6)! *.,&)+)0,1,*-.#! u.! '(0.1)*-! &',! 0/12&9&.,! +)-+-'0I! 14*.! 3:&M+2*A6&)!
2:-)*/*.&! +-''*52&! 36! (-9+-),&9&.,! .-.N2*.01*)&! -5'&)J0! &M+0)*9&.,12&9&.,! '6)! 2&'! 4*5)&'!
0209&.,1*)&'#!
5WAW? )HI'&R&NI$I%"H(J'P(&NPKOI$IP(
Y&'! )0'62,1,'! 3&'! &''1*'! &.! ,)1(,*-.! A61'*N',1,*A6&! &,! (&6M! 3&'! KQ8I! -.,!9-.,)0! 6.! (-9+-),&9&.,!
4-),&9&.,! .-.N2*.01*)&! &,! 91m-)*,1*)&! 1*.'*! A6:6.&! )*/*3*4*(1,*-.! 3&'! 4*5)&'! 0209&.,1*)&'! '-6'!
'-22*(*,1,*-.! 3&! ,)1(,*-.#! ?! 2:0(@&22&! 3:6.! (-9+-'*,&! 2*.[0+-MF! 6.*3*)&(,*-..&2I! (&! (-9+-),&9&.,! &,!
6.&! )*/*3*4*(1,*-.! 36! 91,0)*16! '-6'! (@1)/&9&.,! (F(2*A6&! -.,! 0,0! -5'&)J0'! 31.'! 2&'! ,)1J16M! 3&!
(&),1*.'!16,&6)'!RY*1./!&,!12#I!$\"$^!E@1@!&,!12#I!$\"$S#!Y:0,63&!&,!21!(-9+)0@&.'*-.!3&!2:-)*/*.&!3&!(&'!
+@0.-9G.&'! 3&J*&..&.,! 3-.(! *9+-),1.,&'! =! 2:0(@&22&! 3&! 21! 4*5)&! 0209&.,1*)&#! Y:-5m&(,*4! 3&! (&,,&!
+1),*&I! &,! (-9+,&! ,&.6! 3&'! *.4-)91,*-.'! (-22&(,0&'! &M+0)*9&.,12&9&.,I! &',! 3&! +)-+-'&)! A6&2A6&'!
@F+-,@G'&'!+&)9&,,1.,!3:&M+2*A6&)!2:-)*/*.&!3&!(&'!+@0.-9G.&'#!





%&'! @F+-,@G'&'! '6)! 21! )0-)*&.,1,*-.! 3&'! 9*()-4*5)*22&'! 3&! (&2262-'&! 16! (-6)'! 36! (@1)/&9&.,! '-.,!
1J1.(0&'!31.'! 21! 2*,,0)1,6)&!+-6)!&M+2*A6&)!(&!+@0.-9G.&#!u.&!3&'! *.J&',*/1,*-.'!'6)!3&'!&''1*'! %&.



















E6)! 21! 51'&! 3&! ,-6,&'! (&'! -5'&)J1,*-.'! &M+0)*9&.,12&'I! .-6'! +)-+-'-.'! 6.! '(0.1)*-! +-6J1.,!
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)0'*',1.(&! =! )6+,6)&I! (-9+1)0! =! (&26*! 3&! 21! 304-)91,*-.! =! )6+,6)&! 3&'! 4*5)&'#! K&! )0'62,1,! 9&,! &.!
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0/12&9&.,!-5'&)J0&!'6)!2&'!+)-+)*0,0'!90(1.*A6&'!&.!4-.(,*-.!3&!2&6)!3*19G,)&!&M,0)*&6)!9-F&.#!
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+)0(03&.,!R-,!(@1+*,)&!$!D!$#7#"S!2-)'!3&!21!(1)1(,0)*'1,*-.!3&'!4*5)&'!'-6'!6.!&.J*)-..&9&.,!(-.',1.,I!
&,! '&952&! &.! 1((-)3! 1J&(! 21! ,@0-)*&!3&!h)*44*,@#! 8-6)!9*&6M!-5'&)J&)! (&,,&!3*9*.6,*-.I! 2&'! J12&6)'!






+-6)! (@1A6&!gQ#! K&,,&! 0J-26,*-.! 2-/1)*,@9*A6&!&',! 30()*,&!+1)! 2:0A61,*-.! R! T! S#! Y&'! +1)19G,)&'!3&!
(&,,&! 0A61,*-.! -.,! 0,0! *3&.,*4*0'! +-6)! (@1A6&! gQ! &,! '-.,! 'F.,@0,*'0'! 31.'! 2&! P152&16! <#$#! K&'!
0A61,*-.'!+&)9&,,&.,!3:1((03&)!=!6.!9-3G2&!&9+*)*A6&#!U2!&',!12-)'!+-''*52&!3&!+)03*)&!21!)0'*',1.(&!
3&'!4*5)&'!&.!4-.(,*-.!36!3*19G,)&!&,!3&!2:gQ!(-.'*30)0&#!






16,&6)'! RP@-91'-.! &,! 12#I! $\""5^! V*)dI! $\"\S! +)-+-'&.,! 31.'! 2&6)'! ,)1J16M! 6.! (-&44*(*&.,! 3&!
(-))&(,*-.#! U2'! +)0(-.*'&.,! 6.! 41(,&6)! 3&! (-))&(,*-.! 3:&.J*)-.! "#O#! L.! *.,0/)1.,! (&! (-&44*(*&.,!
(-))&(,*4I!2:0A61,*-.!R!T!S!3&J*&.,!D!






























































!"#$%& σ' $()*& + ,
-
.' ./.' 01' '21/
-3 .143 50' '2/3
3' -66' 1-3 '21'
4' -35' 363 '244
OB!
!





2&'!4*5)&'!3&!J&))&!&,!3&!(1)5-.&I!1!0,0!6,*2*'0!14*.!3:0,63*&)! 2&! 2*&.!&.,)&! 21!)6+,6)&!3&'!4*5)&'!&,! 21!
+)0'&.(&!3&!3*440)&.,&'!,1*22&'!3&!30416,'#!K&,!-6,*2!&',!21!',1,*',*A6&!3&!b&*5622I!*2!1!0,0!1++2*A60!16M!
3-..0&'!&M+0)*9&.,12&'!(-22&(,0&'!+-6)!,-6'!2&'!.*J&16M!3:gQ!,&',0'#!








































































































.&! +&)9&,! +1'! 3:*3&.,*4*&)! +26'*&6)'! +&.,&'#! ]-'! )0'62,1,'! .:-.,! +1'! +&)9*'! +1)! (&,,&! 90,@-3&!







'&6*2! &.! gQ! &',! 304*.*&! &.,)&! O\NT\l! +-6)! 2&'! +&)4-)91.(&'! 3&! )0'*',1.(&! 3&'! 4*5)&'I! (&,,&! J12&6)!
'&6*2!(-))&'+-.3!0/12&9&.,!=!6.!+-*.,!3&!,)1.'*,*-.!31.'!2&'!90(1.*'9&'!)0/*''1.,!21!'-)+,*-.!3:6.&!
4*5)&!0209&.,1*)&!3&!(@1.J)&!RZ*/6)&!<N"S#!?6!3&2=!3&!(&!+-*.,I! 21!'-)+,*-.!3:&16!+-6))1*,!&.,)1*.&)!


























u.&!3*9*.6,*-.!3&! 21! )0'*',1.(&!=! )6+,6)&!3&'! 4*5)&'!&.! 4-.(,*-.!36!3*19G,)&!&M,0)*&6)!9-F&.!&',!
0/12&9&.,!-5'&)J0&! '6)! 3:16,)&'! 4*5)&'! *''6&'!3&'!+21.,&'! 1..6&22&'! R-,! (@1+*,)&! "!D! "#7#$#<S#! K&,,&!





E*! 21! +)0'&.(&! 3&! 30416,'! 31.'! 21! 4*5)&! +&6,! &M+2*A6&)! 21! (@6,&! 3&! 21! )0'*',1.(&! &.! 4-.(,*-.! 36!
3*19G,)&I! &22&!+&6,!+26'!3*44*(*2&9&.,!&M+2*A6&)! (&22&!3&! 21! )*/*3*,0#! L.!&44&,! 2&'!30416,'!.:144&(,&.,I!
1+)*-)*I!A6&! 21! )0'*',1.(&!&,!&.!16(6.!(1'! 2&!9-362&!3:a-6./#!8-6)!&M+2*A6&)!(&,,&!3*9*.6,*-.I!3&'!
@F+-,@G'&'!2*0&'!=!21!30,&)9*.1,*-.!3&!21!'&(,*-.!6,*2&!-.,!0,0!1J1.(0&'!31.'!2&'!,)1J16M!3&!(&),1*.'!
16,&6)'! RX-3)-'! 1.3! X12&FI! $\\>^! X-6)9163! &,! 12#I! $\"\^! K@1)2&,! &,! 12#I! $\\T^! %6J12! &,! 12#I! $\""S#!
%:16,)&'! @F+-,@G'&'! +-),1.,! '6)! 3&'! &44&,'! ',)6(,6)16M! &,!9*()-',)6(,6)16M! &.! ':1++6F1.,! '6)! 3&'!
9-3G2&'!<%!'-.,!1J1.(0&'!31.'!2&'!,)1J16M!3&!821(&,!R821(&,!&,!12#I!$\"$(S!+-6)!&M+2*A6&)!21!(@6,&!36!
9-362&!&.!4-.(,*-.!36!3*19G,)&#!
u.! 3&'! )0'62,1,'! .-.! 1,,&.36! &',! 2:16/9&.,1,*-.! 3&! 21! J12&6)! 903*1.&! 36! 9-362&! 3:a-6./! &.!
4-.(,*-.!3&!2:gQ#!L.!&44&,!2:&16!1/*''1.,!(-99&!6.!1/&.,!+21',*4*1.,!+-6)!2&'!91,0)*16M!+-2F9G)&'I!6.!
)19-22*''&9&.,! &',! 1,,&.36! +26,`,! A6:6.&! )*/*3*4*(1,*-.! 3&! 21! 4*5)&#! K&,,&! ,&.31.(&! )0'62,&! 36!
(-9+-),&9&.,!3&'!4*5)&'!&,!+&6,!0/12&9&.,!n,)&!*.426&.(0&!+1)!3&'!+1)190,)0'!&M+0)*9&.,16MI!&.!
+1),*(62*&)! 21! J1)*1,*-.!3&! 21! '&(,*-.!6,*2&!3&! 21! 4*5)&! *.36*,&!+1)! 21! '-)+,*-.I! J1)*1,*-.!.-.!+)*'&! &.!
(-9+,&! 31.'! 2&'! (12(62'#! %6! +-*.,! 3&! J6&! v!91,0)*16!wI! 2:15'-)+,*-.! 3:@69*3*,0! 31.'! 21! +1)-*!




U2!'&)1*,!0/12&9&.,! *.,0)&''1.,!3&!A61.,*4*&)! 2:*.426&.(&!3&! 2:gQ!.-.!+1'!'6)! 2&!9-362&!,1./&.,!4*.12!
91*'! '6)! 2&! 9-362&! 3:021',*(*,0! 1++1)&.,! *.*,*12#! 8-6)! (&! 41*)&I! .-6'! +)-+-'-.'! 31.'! 21! '6*,&! 6.&!
(1)1(,0)*'1,*-.!30,&)9*.*',&!=!2:1*3&!3&!(@1)/&'[30(@1)/&'!'6)!A6&2A6&'!4*5)&'#!
AW5W?W? 0$&$LIN&%P$I%"H(JNI'&#%H%PI'(
%1.'! (&! +1)1/)1+@&I! .-6'! +)-+-'-.'! 6.&! (1)1(,0)*'1,*-.! 30,&)9*.*',&! '6)! A6&2A6&'! 4*5)&'!












Y&! 9-362&! 021',*A6&! 1++1)&.,! &',! 30,&)9*.0! 2-)'! 3&! 21! 30(@1)/&! +-6)! (@1A6&! (F(2&! &,! +-6)! 2&'!
3*440)&.,'! .*J&16M! 3:gQ! ,&',0'#! Y1! 9-F&..&! 3&'! 9-362&'! ,1./&.,'! *.*,*16M! +-6)! 6.! 9n9&! .*J&16!
3:gQ!&',!30,&)9*.0&!&,!+)0'&.,0&!31.'!2&!P152&16!<#7!&,!'6)!21!Z*/6)&!<N""#!
Y&'! )0'62,1,'! 9-.,)&.,! 6.&! 41*52&! J1)*15*2*,0! RK-VS! 36! 9-362&! 3:a-6./! *.*,*12! 36&! 16! (F(21/&!
90(1.*A6&!+-6)!6.!9n9&!.*J&16!3:gQ#!U2'!9-.,)&.,!0/12&9&.,!6.&!(@6,&!36!9-362&!3:&.J*)-.!"Ol!
+-6)!3&'!gQ!1221.,!3&!"\!=!>\l#!K&,,&!,&.31.(&!3&!3*9*.6,*-.!36!9-362&!&.!4-.(,*-.!3&!2:gQ!1!0,0!
0/12&9&.,!-5'&)J0&! '6)!3&'! 4*5)&'!3&! 2*.!31.'! 2&'! ,)1J16M!3&!Q-63*&)! RQ-63*&)I! $\"$S#! L22&!9-.,)&!





1++1)&.,! 1! 0,0! (@-*'*! '6)! 21! 5)1.(@&!3&!30(@1)/&9&.,I! 36! 41*,! 3:6.&!.-.N2*.01)*,0! -5'&)J0&! '6)! 21!
5)1.(@&! 3&! (@1)/&9&.,! +-6)! 2&'! .*J&16M! 3:gQ! 02&J0'! R>\lS#! ]-,-.'! 0/12&9&.,! A6&! 2&'! J1)*1,*-.'!













































!" #$% &'% '$% ('% )$%
*+,-./01234+5617+! "#$%&'&()* &( ! +,-. &'+! +,-/0 &' ! +,120 &8 ! +,210 && ! +,11
345&*065078659*0:;< ' = = 22 2>





]-6'! +)-+-'-.'! *(*! 3&! A61.,*4*&)! 2:*.426&.(&! 3&'! J1)*1,*-.'! 3*9&.'*-..&22&'! =! 2:1*3&! 3:6.! (12(62!
,@0-)*A6&#! ?! .-,)&! (-..1*''1.(&I! 2&'! (-&44*(*&.,'! 3:@F/)-N&M+1.'*-.! 31.'! 2&'! 3*440)&.,&'! 3*)&(,*-.'!
91,0)*&22&'! 3&! 21! 4*5)&! 0209&.,1*)&! .&! '-.,! =! (&! m-6)! +1'! (-..6'#! Y&'! ,&.,1,*J&'! 3&! 9&'6)&! '-6'!
9*()-'(-+&! -,*A6&! )012*'0&'! 16! (-6)'! 3&!9-.! ,)1J1*2! 3&! ,@G'&! -.,! 0,0! *.4)6(,6&6'&'#! Y&'!9&'6)&'!













(-.',1.,&!=!7$l!+-6)! (&26*! =! '&(,*-.!J1)*152&!+-6)!3&'!gQ!1221.,!3&!"\!=!>\l#!K&! )0'62,1,!9&,!&.!
0J*3&.(&! 2:*9+-),1.(&!3&!+)&.3)&!&.!(-9+,&!3&'!J1)*1,*-.'!3*9&.'*-..&22&'!3&'! 4*5)&'! '-69*'&'!=!
3&'!(@1)/&9&.,'!90(1.*A6&'!&,!@F/)-'(-+*A6&'#!U2!'-62*/.&!0/12&9&.,!A6&!3&'!&44-),'!3-*J&.,!n,)&!









































































Y&! 91,0)*&2! &,! 21! 90,@-3&! 6,*2*'0'! *(*! )&',&.,! *3&.,*A6&'! =! (&6M! 30()*,'! +)0(03&99&.,#! 8-6)! 2&!
(-.,)`2&!3&!21!,&9+0)1,6)&I!.-6'!3*'+-'-.'!3:6.!4-6)!*.,0/)0!'6)!.-,)&!1++1)&*2!3&!9&'6)&#!
N 8-6)! 21! +)&9*G)&! +1),*&! 3&! .-,)&! *.J&',*/1,*-.!D! %*M! 4*5)&'! 0209&.,1*)&'! -.,! 0,0! +)0+1)0&'!
+-6)!(@1A6&!.*J&16!3&!,&9+0)1,6)&!=!,&',&)#!Y&'!4*5)&'!'-.,!91*.,&.6&'!+&.31.,!"\!9*.!=!21!
,&9+0)1,6)&! 30'*)0&I! 1J1.,! 3&! 2&'! '-22*(*,&)! &.! ,)1(,*-.! A61'*N',1,*A6&! 1J&(! 6.&! J*,&''&! 3&!
30+21(&9&.,!3&!O!{9['!m6'A6:=!)6+,6)&#!
N 8-6)! 21! '&(-.3&! +1),*&! 3&! .-,)&! *.J&',*/1,*-.!D! |61,)&! 2-,'! 3:6.&! 3*C1*.&! 3&! 4*5)&'!
0209&.,1*)&'! '-.,! +)0+1)0'! &,! &M+-'0'! =! 6.&! ,&9+0)1,6)&! 3&! $\\kK#! %6! +)&9*&)! 16!
A61,)*G9&!2-,I!2&'!,&9+'!3:&M+-'*,*-.!=!(&,,&!,&9+0)1,6)&!'-.,!)&'+&(,*J&9&.,!3&!"\I!<\I!;\!
&,! ;\\! 9*.#! ?+)G'! )&4)-*3*''&9&.,! 3&'! A61,)&! 2-,'I! (@1A6&! 4*5)&! &',! '-22*(*,0&! &.! ,)1(,*-.!
A61'*N',1,*A6&! 1J&(! 6.&! J*,&''&! 3&! 30+21(&9&.,! 3&! O! {9['! m6'A6:=! )6+,6)&! '-6'! 6.!
&.J*)-..&9&.,!(-.,)`20!RPj$<!o"#OkK!^!gQj$O!o$#OlS#!
K-99&! 31.'! 2&! ,)1J1*2! +)0(03&.,I! *(*! 0/12&9&.,! 2&'! +)-+)*0,0'! 90(1.*A6&'! '-.,! 30,&)9*.0&'! &.!








3*44*(62,0'! )&.(-.,)0&'! 2-)'! 3&! 21! (1)1(,0)*'1,*-.! 3&'! 4*5)&'! 0209&.,1*)&'! 31.'! (&'! /199&'! 3&!
,&9+0)1,6)&!)0'*3&.,!31.'! 2&!30(-6+21/&!3&'!&44&,'!,@&)9*A6&'!&,!@F3)*A6&'#!Y:16/9&.,1,*-.!3&! 21!



















Y&'! 1++)-(@&'! ',1,*',*A6&'!+)-+-'0&'!+)0(03&99&.,!.&! '-.,!+1'! &.J*'1/&152&! *(*! (-9+,&! ,&.6!36!
41*52&!.-95)&!3:&''1*'! )012*'0'!=! (@1A6&! ,&9+0)1,6)&#!u.&! (19+1/.&!+26'! 21)/&! '&)1*,! '-6@1*,152&!
































































































































Y&'! +)-+)*0,0'! 90(1.*A6&'! '-.,! +)0'&.,0&'! &.! 4-.(,*-.! 36! ,&9+'! 3:&M+-'*,*-.! 3&'! 4*5)&'! =! 6.&!
,&9+0)1,6)&!3&!$\\kK! '6)! 21! Z*/6)&!<N"O#!u.&! 'F.,@G'&!3&'!3*440)&.,&'! /)1.3&6)'!30,&)9*.0&'!&',!
0/12&9&.,!3-..0&!31.'!2&!P152&16!<#;#!





8-6)! 21! )0'*',1.(&! =! )6+,6)&! 3&'! 4*5)&'! RZ*/6)&! <N"O! R5SSI! 21! (@6,&! &',! 0/12&9&.,! 3)1',*A6&! &,! 21!
3*9*.6,*-.!&',!+)-+-),*-..&22&!16!,&9+'!3:&M+-'*,*-.!=!21!,&9+0)1,6)&!3&!$\\kK#!
8-6)! 21! 304-)91,*-.! =! )6+,6)&! RZ*/6)&! <N"O! R(SSI! 6.&! 20/G)&! (@6,&! &',! -5'&)J0&! +-6)! 2&'! ,&9+'!
3:&M+-'*,*-.!2&'!+26'!(-6),'I!6.&!(@6,&!5)6,12&!&',!-5'&)J0&!1+)G'!6.&!@&6)&!3:&M+-'*,*-.#!
K&'!9&'6)&'!&44&(,60&'!1+)G'! 2&!)&4)-*3*''&9&.,!3&'!4*5)&'I!9-.,)&.,!6.!&44&,!'*/.*4*(1,*4!36!,&9+'!
3:&M+-'*,*-.!3&'! 4*5)&'!=!6.&! ,&9+0)1,6)&!02&J0&#!K&'! )0'62,1,'!'-.,!&.!1((-)3!1J&(! 2&'! ,)1J16M!3&!
X12&F! &,! 12#! RX12&F! &,! 12#I! $\\OS! A6*! -.,! 9-.,)0! 1+)G'! 6.&! &M+-'*,*-.! 3&'! 4*5)&'! 3&! 2*.! =! 6.&!
,&9+0)1,6)&I!6.&!51*''&!3&'!+)-+)*0,0'!90(1.*A6&'#!
%1.'!(&'!&''1*'!.-.!)0/620'!&.!gQI!2&!(@16441/&!J1!3&!+1*)!1J&(!6.!'0(@1/&!3&'!0+)-6J&,,&'!&,!J*(&N
J&)'1#! U2! &',! 3-.(! *9+-''*52&! 3&! 30(-6+2&)! 2:&44&,! 3&! 21! ,&9+0)1,6)&! 3&! (&26*! 3&'! J1)*1,*-.'!





!"#$%&'()&" *+,- ./,- 0//,-1 0./,-
!"#$%&'"2 34'&(5(6$" () 2 07 (* 2 ** )+ 2 0. )) 2 .
!"# $%&' $%'( $%&) $%*&
σ #,%&' 2 34'&(5(6$" *-. 2 87+ /+0 2 879 0(1 2 0:* /2/ 2 *88
!"# $%'& $%)$ $%+$ $%*)
ε #3' 2 34'&(5(6$" (4/+ 2 /;9. (4/) 2 /;** (4/2 2 /;+0 (4(+ 2 /;*<
!"# $%,( $%$' $%-( $%-,
!"#$%&'(")$*%+,+*- .&#+- /.&#+- 0.&#+- 1.&#+- /.&2
!"#$%&' 3 4567,8,9$" () 3 :. *+ 3 ; , 3 1 *-"3 < *+ 3 <
!"# $%&& $%'' $%() $%*+ $%*,
σ #.%&'"3 4567,8,9$" ))/ 3 ;.: (0, 3 /.= *)0 3 ;<& **1"3 <; /0 3 01
!"# $%&' $%+- $%** $%*) $%+.
ε #2' 3 4567,8,9$" (30"3 .>?. (3-) 3 .>=: (3*1"3 /></ +31, 3 .></ +3)/"3 .>;.


































































































K&! (@1+*,)&! <! 1! +)-+-'0! 6.&! 0,63&! 3&! 2:*.426&.(&! 3&! 2:&.J*)-..&9&.,! '6)! 2&! (-9+-),&9&.,! &,! 2&'!
+)-+)*0,0'!90(1.*A6&'!&.!,)1(,*-.!A61'*N',1,*A6&!3&'!4*5)&'!0209&.,1*)&'!3&!(@1.J)&#!
Y&'! ,)-*'! ,F+&'! 3&! (-9+-),&9&.,! -5'&)J0'! 31.'! 2&'! (-.3*,*-.'! 195*1.,&'! RgQj! O\lI! Pj! $<kKS! R-,!
(@1+*,)&! $!D! $#<#"SI! -.,! 0,0! )&,)-6J0'! '-6'! 3*440)&.,&'! gQ! &,! 0/12&9&.,! '-6'! 3*440)&.,&'!
,&9+0)1,6)&'#! Y&! (-9+-),&9&.,!.-.! 2*.01*)&! R,F+&!<S!&',!91m-)*,1*)&!+-6)! 2&'!.*J&16M!3:gQ!02&J0'!
R>\lSI!(&!(-9+-),&9&.,!&',!9*.-)*,1*)&!+-6)!2&'!.*J&16M!3&!,&9+0)1,6)&!02&J0'!R"O\kKS#!








)0'*',1.(&! 1J&(! 2&! 3*19G,)&! '-.,! +&6! 144&(,0&'! +1)! 2:gQ#! Y&'! ',1,*',*A6&'! 3&!b&*5622! -.,!9-.,)0! 21!
+)0'&.(&!3:6.!/)1.3!.-95)&!3&!30416,'!16!'&*.!3&!21!4*5)&!-6!16!.*J&16!3&!21!'6)41(&!+-6)!,-6'!2&'!
.*J&16M!3:gQ!,&',0'#!
Y&! 9-362&! 3:a-6./! 4*.12! 16/9&.,&! 1J&(! 2:gQI! 12-)'! A6&! 2&! 9-362&! 3&! )*/*3*,0! *.*,*12! 3*9*.6&#! K&!
+@0.-9G.&! &',! 1,,)*560! 16M! 90(1.*'9&'! 3&! )&21M1,*-.! 3&'! C-.&'! 19-)+@&'! &,! 36! )&3)&''&9&.,!
+)-/)&''*4!3&'!9*()-4*5)*22&'!'-6'!'-22*(*,1,*-.!3&!,)1(,*-.#!Y1!3*9*.6,*-.!36!9-362&!3&!)*/*3*,0!*.*,*12!1!
0,0! &',*90&! 16M! &.J*)-.'! 3&! "Ol! +-6)! 3&'! gQ! 1221.,! 3&! "\! =! >\l#! L.! (-.'*30)1.,! 6.! (-&44*(*&.,!
3:@F/)-N&M+1.'*-.!3:&.J*)-.!\#$O!&,!2&'!J1)*1,*-.'!3*9&.'*-..&22&'!1''-(*0&'!2&'!)0'62,1,'!-.,!9-.,)0!
A6&!(&,,&!(@6,&!1,,&*.,!6.&!J12&6)!3:&.J*)-.!7$l!+-6)!2&'!9n9&'!+21/&'!3:gQ#!
Y1! ,&9+0)1,6)&! &,! 2&! ,&9+'! 3:&M+-'*,*-.! 3&'! 4*5)&'! =! 3&'! ,&9+0)1,6)&'! 02&J0&'! -.,! 6.! &44&,!
'*/.*4*(1,*4!'6)!2&'!+)-+)*0,0'!90(1.*A6&'#!Y&'!)0'62,1,'!-.,!9-.,)0!6.&!(@6,&!3)1',*A6&!3&!21!)*/*3*,0!
3&'!4*5)&'!+-6)!3&'!,&9+0)1,6)&'!1221.,!3&!O\!=!"O\kK#!u.&!3*9*.6,*-.!*9+-),1.,&!3&'!+&)4-)91.(&'!









? 0$&$LIN&%P$I%"H( PI"LS$PI%TK'( JK( L"#R"&I'#'HI( J%UUN&N( J'P( U%Q&'P(
NON#'HI$%&'P(J'(LS$HV&'(P"KP('HV%&"HH'#'HI(L"HPI$HI(
?W6 )HI&"JKLI%"H(
K-.,)1*)&9&.,! 16M! 4*5)&'! 3&! J&))&! -6! 3&! (1)5-.&I! 2&'! 4*5)&'! J0/0,12&'! +-''G3&.,! 3&'! (-.',*,61.,'!
+-2F90)*A6&'#! U2! &',! 3-.(! 4-),! +)-5152&! A6:&22&'! +-''G3&.,! 6.! (-9+-),&9&.,! J*'(-021',*A6&#! K&!
+-*.,I!5*&.!A6&!,)G'!+&6!15-)30!31.'!21! 2*,,0)1,6)&I!&',!+)*9-)3*12!(1)! 2&!(-9+-),&9&.,!'6)! 2&! 2-./N
,&)9&! 3&'! (-9+-'*,&'! =! 4*5)&'! J0/0,12&'! +-6))1*,! n,)&! (-.3*,*-..0! .-.! '&62&9&.,! +1)! 2&!
(-9+-),&9&.,!3&!21!91,)*(&!91*'!0/12&9&.,!(&26*!3&'!4*5)&'#!
Y:-5m&(,*4! &',!3-.(! *(*! 3&! (-22&(,&)!3&'! *.4-)91,*-.'! '6)! 2&! (-9+-),&9&.,!J*'(-021',*A6&!3&'! 4*5)&'#!
%1.'! (&! (@1+*,)&! .-6'! +)-+-'-.'! 1+)G'! 1J-*)! 30,1*220! 2&'! 91,0)*&2'! &,! 2&'! 90,@-3&'I! 6.&!
(1)1(,0)*'1,*-.! ',-(@1',*A6&! 36! (-9+-),&9&.,! 3*440)0&! 3&'! 4*5)&'! 0209&.,1*)&'! &.! 4261/&! '-6'! 6.!
&.J*)-..&9&.,! (-.',1.,#! Y&'! )0'62,1,'! &M+0)*9&.,16M! (-22&(,0'! '-.,! (-99&.,0'! &,! 3*'(6,0'! &.!
':1++6F1.,! '6)! 3&'! 9-3G2&'! )@0-2-/*A6&'! 1.12-/*A6&'! +26'! -6! 9-*.'! 0J-260'#! Y&'! 30,1*2'! 3&! (&'!











Y&'! &''1*'! 3&! ,F+&! 4261/&[)&21M1,*-.!-.,! 0,0! 13-+,0'! *(*! +-6)! (1)1(,0)*'&)! 2&! (-9+-),&9&.,! 3*440)0!
3&'!4*5)&'!3&!(@1.J)&#!
Y1!Z*/6)&!7N"!*226',)&!2&!+)*.(*+&!3&!(&'!&''1*'!9*'!&.!x6J)&!'6)!2&'!4*5)&'!3&!(@1.J)&#!Y&'!0,1+&'!"!&,!$!
(-.'*',&.,!=!9&,,)&!&.!+21(&! 21! 4*5)&!31.'! 2&'!9-)'!3&! 21!91(@*.&!3:&''1*#!L.'6*,&! 2:0,1+&!<!1!+-6)!
-5m&(,*4! 3:1++2*A6&)! 6.&! 20/G)&! ,&.'*-.! 14*.! A6&! 21! 4*5)&! '-*,! +)0,&.36&! 1J1.,! 2&! 3056,! 3&! 2:&''1*#!





K&'! 3&6M! ,&(@.*A6&'! (-6)199&.,! 6,*2*'0&'! +-6)! (1)1(,0)*'&)! 2&! (-9+-),&9&.,! 3*440)0! 3&! (&),1*.'!
91,0)*16M! v!(21''*A6&'!wI! +&6J&.,! +)0'&.,&)! A6&2A6&'! 3*44*(62,0'! &M+0)*9&.,12&'! +-6)! 6.&!9*'&! &.!








































+-6)! 21! 4*M1,*-.!3&! 21! 4*5)&!.&!(-.,)*56&.,!+1'!=! 21!)0+-.'&!3*440)0&! 2-)'!36!91*.,*&.!3:6.!+12*&)!3&!
(@1)/&9&.,#! 8-6)! (&! 41*)&I! 21! 9n9&! (-.4*/6)1,*-.! A6&! +-6)! 6.! &''1*! '6)! 4*5)&! 3&! (@1.J)&! 1! 0,0!
)&+)-36*,&! '6)! 6.&! 4*5)&! 3&! (1)5-.&! A6*! +)0'&.,&! 6.! (-9+-),&9&.,! 021',*A6&! +6)#! ?! 2:*''6! 3&! (&,!


























u.! &''1*! 3&! 4261/&[)&(-6J)1.(&! (-.'*',&! =! *9+-'&)! 3&! 91.*G)&! A61'*N*.',1.,1.0&! 6.&! (@1)/&! &.!
&44-),!=!21!4*5)&!&,!=!21!91*.,&.*)!(-.',1.,&!16!(-6)'!36!,&9+'I!+6*'!3&!+)-(03&)!=!6.&!30(@1)/&#!Y1!
304-)91,*-.! )0'62,1.,&! '-6'! 2:1(,*-.! 3&! 21! (@1)/&! &',! .-990&! 4261/&I! &,! (&22&! '-6'! 2:1(,*-.! 3&! 21!
30(@1)/&!&',!.-990&!)&(-6J)1.(&#!
Y&'! )0+-.'&'! &.! 4261/&!+&6J&.,! n,)&!30(-9+-'0&'! &.! ,)-*'! (-9+-'1.,&'! 4-.(,*-.!3&! 21! J*,&''&!3&!
304-)91,*-.#! Y1!+)&9*G)&!0,1+&I! 2&! 4261/&!+)*91*)&I! (-99&.(&!=! J*,&''&!3&!304-)91,*-.! )1+*3&!&,!
)12&.,*,!16!(-6)'!36! ,&9+'#! Y1!3&6M*G9&!0,1+&I! (-6)199&.,!1++&20&! 4261/&!'&(-.31*)&I! ':&44&(,6&!
/0.0)12&9&.,!=!J*,&''&!)&21,*J&9&.,!(-.',1.,&#!Y1!,)-*'*G9&!0,1+&I!2&!4261/&!,&),*1*)&I!+)0'&.,&!6.&!
1((020)1,*-.!&,!':1(@GJ&!1J&(!21!3041*221.(&!36!91,0)*16!16!9-9&.,!3&!21!)6+,6)&#!8-6)!3&'!)1*'-.'!
2*0&'!=! 21!36)0&!3&'!&''1*'I! 2&'!0,63&'!9&.0&'!*(*!'&!4-(12*'&.,!6.*A6&9&.,!'6)! 2&!4261/&!+)*91*)&!&,!
'&(-.31*)&#!Y&!4261/&!,&),*1*)&!.:&',!+1'!0,63*0I!(-9+,&!,&.6!36!,&9+'!.0(&''1*)&!+-6)!2:-5'&)J&)!=!
3&'!41*52&'!.*J&16M!3&!(@1)/&9&.,#!
u.&! 4*5)&! 0209&.,1*)&! 3&! (@1.J)&! 3:6.&! J*./,1*.&! 3&!9*()-.'! 3&! 3*19G,)&!9-F&.! &M,0)*&6)! &,! 3&!
2-./6&6)!6,*2&!3&!"\!99!&',!,&',0&!&.!4261/&[)&(-6J)1.(&!'-6'!6.&!@69*3*,0!)&21,*J&!3&!O\l!o$#O!&,!
6.&! ,&9+0)1,6)&! 3&! $<kK! o"#O#! 8-6)! 2:&''1*! )&+)0'&.,0! '6)! 21! Z*/6)&! 7N<! R1SI! 6.&! )19+&! 1! 0,0!
1++2*A60&! 1J&(! 6.&! J*,&''&! 3&! <O! 9]['I! +6*'! 2&! +12*&)! 3&! (@1)/&! &',! 91*.,&.6! (-.',1.,! +&.31.,!
"\!\\\'I!'6*J*!3:6.&!30(@1)/&!=! 21!9n9&!J*,&''&!A6:=! 21!9-.,0&I!&,!&.4*.!6.!91*.,*&.!3:6.&! 20/G)&!



































































l∆ !D! 2:02-./1,*-.! 1++2*A60&! =! 21! 4*5)&I!
0






6.! 3*1/)199&! (-.,)1*.,&[304-)91,*-.! +&6,! n,)&! ,)1(0! RZ*/6)&! 7N<! R5SS#! Y&! 9-362&! 3&! )*/*3*,0!





Y1! Z*/6)&! 7N7! R5S! 9-.,)&! 2:0J-26,*-.! 3&! 21! 304-)91,*-.! '-6'! 2:1(,*-.! 3&! 21! (@1)/&! &,! 3:6.!
&.J*)-..&9&.,!(-.',1.,'#!
Y1!304-)91,*-.!*.',1.,1.0&!Rε*.'S!3&!21!4*5)&!&',!1*.'*!*3&.,*4*0&!'-6'!2:1++2*(1,*-.!3&!21!(@1)/&#!K&,,&!
304-)91,*-.!+)&.3! 4*.! 1+)G'! 1J-*)! 1,,&*.,! 2&! .*J&16!3&! (@1)/&9&.,! (-99&! 2&!91,0)*12*'&! 2&'! ()-*M!
)-6/&!'6)!21!Z*/6)&!7N7#!E-6'!(@1)/&9&.,!(-.',1.,!21!304-)91,*-.!-5'&)J0&!&,!0J-261.,!16!(-6)'!36!
,&9+'! &',! 3*,&! 3*440)0&! Rε3*44S#! ?+)G'! 30(@1)/&9&.,I! 6.&! 304-)91,*-.! *.',1.,1.0&! 3*,&! )0J&)'*52&!
Rε*.'r)S! &',! )&(-6J)0&#! ]-6'! +-6J-.'! )&91)A6&)! A6:&22&! &',! 9-*.'! *9+-),1.,&! A6&! 21! 304-)91,*-.!
*.',1.,1.0&! *.*,*12&! Rε*.'S#! K&! +@0.-9G.&! &',! 1,,)*560! =! 21! )*/*3*4*(1,*-.! 3&! 21! 4*5)&! '65'0A6&.,&! 16!
(@1)/&9&.,#!u.&!304-)91,*-.!3*440)0&!3*,&!)0J&)'*52&!Rε3*44r)SI!9-*.'! *9+-),1.,&!A6&!21!304-)91,*-.!
3*440)0&! Rε3*44S! 3&! (@1)/&9&.,! &',! -5'&)J0&#! L22&! 0J-26&! 16! (-6)'! 36! ,&9+'! 3&! 30(@1)/&#! u.&!
304-)91,*-.! *))0J&)'*52&! Rε*)S! &',! 0/12&9&.,! -5'&)J0&#! K&,,&! *))0J&)'*5*2*,0! 1! 0,0! -5'&)J0&! 2-)'! 3&'!
&''1*'!(F(2*A6&'!=!41*52&'!.*J&16M!3&!(@1)/&!R(4#!(@1+*,)&!$!D!$#<#<S#!




















































































































Y&'! 3&6M! &''1*'! +)0'&.,0'! (*N3&''6'! R4261/&[)&(-6J)1.(&I! )&21M1,*-.S! -.,! +&)9*'! 3:6.&! +1),! 3&!
9-.,)&)! 21! +-''*5*2*,0! 3&! (1)1(,0)*'&)! 2&! (-9+-),&9&.,! 3*440)0! =! 2:0(@&22&! 3&! 21! 4*5)&! '-6'!
&.J*)-..&9&.,! (-.',1.,I! &,! 3:16,)&! +1),! 3&! 9&,,)&! &.! 0J*3&.(&! 2&! (1)1(,G)&! J*'(-021',*A6&! 3&'!
4*5)&'#!
%1.'! 21! '6*,&! 3&! .-,)&! *.J&',*/1,*-.! '6)! 2&! (-9+-),&9&.,! 3*440)0! 3&! 21! 4*5)&I! 6.&! (1)1(,0)*'1,*-.!
',1,*',*A6&!&',!+)-+-'0&!+-6)!3&'!&''1*'!3&!4261/&!'-6'!2&'!9n9&'!(-.3*,*-.'!@F/)-,@&)9*A6&'#!?!(&!
',13&! 36! ,)1J1*2I! 2&'! &''1*'! 3&! 4261/&! -.,! 0,0! +)040)0'! 16M! &''1*'! 3&! )&21M1,*-.I! (1)! (&'! 3&).*&)'!
+)0'&.,&.,!3&'!3*44*(62,0'!2-)'!3&!2&6)!9*'&!&.!x6J)&!'-6'!&.J*)-..&9&.,!J1)*152&#!L.!&44&,!21!4*5)&!
&',! '6'(&+,*52&! 3&! 42195&)! 2-)'A6:&22&! &',! '-69*'&! =! 6.&! J1)*1,*-.! 3:gQ! 16! (-6)'! 3:6.! &''1*! 3&!
)&21M1,*-.#!%1.'!(&'!(-.3*,*-.'!2&'!&''1*'!3&!)&21M1,*-.!.&!'-.,!+1'!J*152&'#!
?WAW6 >$&%$Q%O%IN('I(J%PR'&P%"H(J'P(&NPKOI$IP(
u.&! (19+1/.&! 3&! 9&'6)&'! 1! 0,0! 9&.0&! '6)! $O! 4*5)&'! 0209&.,1*)&'! 3&! (@1.J)&I! '-6'! 6.!
&.J*)-..&9&.,!(-.,)`20!=!6.&!,&9+0)1,6)&!3&!$<kK!o!"#OI!&,!6.&!@69*3*,0!)&21,*J&!3&!O\l!o!$#O#!Y1!
2-./6&6)!6,*2&!3&'!4*5)&'!+-6)!(&,,&!(19+1/.&!&',!3&!"\!99#!Y1!30,&)9*.1,*-.!+)012152&!36!3*19G,)&!
9-F&.!&M,0)*&6)!3&'! 4*5)&'!'-6'!9*()-'(-+&!-+,*A6&I!+&)9&,!3&!(12(62&)! 21!(@1)/&!=!1++2*A6&)!=! 21!
4*5)&!+-6)!-5,&.*)!6.&!(-.,)1*.,&!9-F&..&!*.*,*12&!3&!O\!H81#!]-6'!+1)2-.'!5*&.!*(*!3:6.&!(-.,)1*.,&!





































Y&! 9-362&! 3&! )*/*3*,0! *.',1.,1.0! &',! 30,&)9*.0! '&2-.! 21! 90,@-3&! +)0'&.,0&! 31.'! 2&! +1)1/)1+@&!





1++1)1*,)&! *.1,,&.36#! U2! &',! .01.9-*.'! *9+-),1.,! 3&! .-,&)I! A6&! 21! J12&6)! 3&! "B!h81! )0'62,1.,! 3&'!
&''1*'!A61'*N',1,*A6&'! (-))&'+-.3!16!9-362&! 4*.12! R9-362&! ,1./&.,!30,&)9*.0!1J1.,! )6+,6)&S!12-)'!
A6&! +-6)! 2&! 4261/&I! 2&'! J12&6)'! (-))&'+-.3&.,! =! 6.! 9-362&! *.*,*12#! ]-6'! 1J-.'! 9-.,)0! 31.'! .-'!
,)1J16M!+)0(03&.,'!6.&!4-),&!16/9&.,1,*-.!3&!21!)*/*3*,0!+-6)!3&'!.*J&16M!3&!(-.,)1*.,&!()-*''1.,'#!
Y&'!)0'62,1,'!36!P152&16!7#"!9-.,)&.,!0/12&9&.,!+-6)!6.!9n9&!.*J&16!3&!(@1)/&9&.,!&,!+-6)!6.&!
9n9&! 36)0&! 3&! 4261/&! (-.'*30)0&I! A6&! 2&'! 4*5)&'! +)0'&.,&.,! &.!9-F&..&! 16,1.,! 3&! 304-)91,*-.!
*.',1.,1.0&! A6&! 3&! 304-)91,*-.! 3*440)0&! ,09-*/.1.,! 3:6.&! +1),! J*'A6&6'&! .-.! .0/2*/&152&#! u.&!
4-),&! 3*'+&)'*-.! 3&! 21! )0+-.'&! &.! 4261/&! 3&'! 4*5)&'! &',! 0/12&9&.,! (-.',1,0&#! Y:*.3*(1,&6)! 3&!
J1)*15*2*,0! 9-.,)&! &.! &44&,! 31.'! 2&! P152&16! 7#"! 6.! (-&44*(*&.,! 3&! J1)*1,*-.! 3&! \#>$! +-6)! 2&'!
304-)91,*-.'! 3*440)0&'! &,! 3&! \#;>! +-6)! 2&'! 304-)91,*-.'! *.',1.,1.0&'#! K&,,&! 4-),&! 3*'+&)'*-.! +&6,!
n,)&! 36&! &.! +1),*&! =! 2:@F+-,@G'&! 4-)9620&! *9+2*(*,&9&.,I! (-.'*',1.,! =! 3*)&! A6&! 21! 4*5)&! &',! 6.!
91,0)*16! @-9-/G.&! =! '&(,*-.! (-.',1.,&#! Y&'! @0,0)-/0.0*,0'! &M*',1.,! 31.'! 21! +1)-*I! 1*.'*! A6&! 2&'!
C-.&'! =! '&(,*-.! )036*,&! +-6))1*&.,! &./&.3)&)! 3&'! /)13*&.,'! 3&! (-.,)1*.,&! *9+-),1.,'! '&2-.! 21!
@16,&6)! &,! 2:0+1*''&6)! 3&! 21! 4*5)&#! K&'! J1)*1,*-.'! 2-(12&'! +&6J&.,! '&! )0+&)(6,&)! '6)! 2&'! /)1.3&6)'!
30,&)9*.0&'!/2-512&9&.,#!


























Y&'! )0'62,1,'!9-.,)&.,! '6)! 21! Z*/6)&!7NT! R1S!6.&! 4-),&!3*'+&)'*-.! ,1.,!16!.*J&16!3&! 2:19+2*,63&!3&'!




















Y1! 304-)91,*-.! 3*440)0&! .-)912*'0&! &',! )&+)0'&.,0&! &.! 4-.(,*-.! 36! 2-/1)*,@9&! 3&'! ,&9+'! '6)! 21!
Z*/6)&!7N>! R1S#!K&,,&!)&+)0'&.,1,*-.! 2-/1)*,@9*A6&!.-6'!1!+&)9*'!3&!9*&6M!-5'&)J&)! 2&'!3*440)&.,&'!


























































?4*.!3&!(-9+1)&)!+26'!+)0(*'09&.,! 2&'!3*440)&.,&'! )0+-.'&'!&,!14*.!3&! )&+)0'&.,&)! ',1,*',*A6&9&.,!
2&'! )0+-.'&'! 3*440)0&'! 3&'! 4*5)&'! 0209&.,1*)&'! 3&! (@1.J)&I! .-6'! +)-+-'-.'! 3&! 30()*)&! &,! 3&!
)&+)0'&.,&)!2&'!(-6)5&'!&M+0)*9&.,12&'!=!2:1*3&!3:6.!9-3G2&!)@0-2-/*A6&#!




































































Y1!304-)91,*-.!3*440)0&!&',! )19&.0&!=!6.&! 4-.(,*-.!3&! 4261/&!+1)! 2:0A61,*-.! R!"O! S#! Y1! 4-.(,*-.!3&!





























































































U2'! +&)9&,,&.,! 3&! )&+)-36*)&! 1''&C! 4*3G2&9&.,! 2&! (-9+-),&9&.,! J*'(-021',*A6&! 3&! (&),1*.'!
91,0)*16M#!u.!9-3G2&!+6)&9&.,!91,@091,*A6&!3-..0!+1)!2:0A61,*-.!R!";!S!+&)9&,!+1)!&M&9+2&!3&!
'*962&)!4*3G2&9&.,!21!4-.(,*-.!3&!4261/&!&.)&/*',)0&!&M+0)*9&.,12&9&.,!31.'!3&!.-95)&6M!(1'#!








&,[-6! &.! +1)122G2&! 3&! )&''-),'! &,! 3:19-),*''&6)'I! )&+)0'&.,1.,! )&'+&(,*J&9&.,! 2&'! (-9+-'1.,&'!
021',*A6&! &,! J*'A6&6'&#! %&'! 9-3G2&'! )@0-2-/*A6&'! 1.12-/*A6&'! (-99&! (&6M! 3&! H1M}&22I! p&2J*.N
V-*/,I!X6)/&)I!~&.&)sI!'-.,!/0.0)12&9&.,!6,*2*'0'#!
%1.'!21!2*,,0)1,6)&!2&!9-3G2&!3&!,F+&!p&2J*.NV-*/,!&',!(-6)199&.,!6,*2*'0!+-6)!'*962&)!3&'!&''1*'!3&!



















































Y&'! 9-3G2&'! /0.0)12*'0'! +)0'&.,&.,! 2:1J1.,1/&! 3&! +-6J-*)! )&+)-36*)&! 3&'! 4-.(,*-.'! 3&! 4261/&!
(-9+2&M&#!Y&!.-95)&!3&!+1)19G,)&'! *9+-),1.,!A6:*2'!(-.,*&..&.,!+&6,!0/12&9&.,!)&.3)&! 2&!,)1J1*2!
3:*.3&.,*4*(1,*-.!+1)190,)*A6&!302*(1,#!U2!&',!0/12&9&.,!3*44*(*2&!3:0,152*)!6.!2*&.!&.,)&!2:&.'&952&!3&'!
+1)19G,)&'! &,! 21! +@F'*A6&! 36! 91,0)*16#! 8-6)! +122*&)! =! (&! +)-52G9&I! *2! &',! +-''*52&! 3:6,*2*'&)! 6.&!
4-.(,*-.! A6*! )&2*&! &,! +-.3G)&! 2&'! )*/*3*,0'! &.! 4-.(,*-.! 3&'! ,&9+'! 3&! )&21M1,*-.#! Y&! .-95)&! 3&!
+1)19G,)&'!=!*3&.,*4*&)!&',!12-)'!9*.*9*'0!(1)!21!4-.(,*-.!+&6,!n,)&!3*'()0,*'0&I!&,!2&!'+&(,)&!30()*,!&',!
304*.*,! +1)! A6&2A6&'! +1)19G,)&'! 3&! 4-)9&! '&62&9&.,#! ?6! 4*.12! 2&! '+&(,)&! /1)3&! 6.! '&.'! +@F'*A6&!
31.'!2&!'&.'!-!*2!)&+)0'&.,&!6.&!419*22&!3&!90(1.*'9&'!J*'(-021',*A6&'#!
h0.0)12&9&.,! 6.&! 3*',)*56,*-.! /16''*&..&! &',! 6,*2*'0&! &,! 2&'! )*/*3*,0'! R
i
















































































3*',)*56,*-.'#! K@1A6&!3*',)*56,*-.! )&+)0'&.,&! 6.&! 419*22&! 3&!90(1.*'9&'! J*'(-021',*A6&'#!%1.'! (&'!
,)1J16MI! X1)3&,! RX1)3&,I! $\\"S! 6,*2*'&! 6.!9-3G2&! +1)15-2*A6&! =! 3&6M! 3*',)*56,*-.'! /16''*&..&'#! Y&!
9-3G2&!+1)15-2*A6&!&',!0A6*J12&.,!=!6.!9-3G2&!3&!H1M}&22!/0.0)12*'0#!















































































































































































































K-9+,&! ,&.6! 36! .-95)&! *9+-),1.,! 3&! +1)19G,)&'! =! *3&.,*4*&)! +-6)! (&),1*.'! 3&'!9-3G2&'! 0J-260'!
+)0'&.,0'! (*N3&''6'I! (&),1*.&'!90,@-3&'! 3:*3&.,*4*(1,*-.! +1)190,)*A6&!6,*2*'1.,! 3&'! 12/-)*,@9&'! 3&!
(-.J&)/&.(&! 2-(12&! +&6J&.,!9-.,)&)! 2&6)! 2*9*,&#! ?! 2:1*3&! 3&! (&'!90,@-3&'I! *2! +&6,! n,)&! 3*44*(*2&! 3&!
,)-6J&)! 2&!9*.*969! /2-512! &,! 2&! )*'A6&! 3&! ,)-6J&)! 6.!9*.*969! 2-(12! &',! /)1.3#! Y&'!90,@-3&'! 3&!
)&(@&)(@&'! @&6)*',*A6&'! +)0'&.,&.,! 2:1J1.,1/&! 3&! '-.3&)! &44*(1(&9&.,! 2:&'+1(&! 3&'! +1)19G,)&'I!
16''*!/)1.3!'-*,N*2#!
8-6)! +122*&)! (&'! 3*44*(62,0'I! Q*(@1)3! RQ*(@1)3I! "BBBSI! 31.'! '&'! ,)1J16M! 3&! ,@G'&I! 1! (-.,)*560! 16!
30J&2-++&9&.,! 3:6.!-6,*2! )-56',&! 3:*3&.,*4*(1,*-.! +1)190,)*A6&#! K&,! -6,*2I! 51'0! '6)! 6.! 12/-)*,@9&!




%1.'! 21! '6*,&! 3&! (&,,&! +1),*&I! .-6'! 122-.'! &M+-'&)! 2&'! 3&6M! 0,1+&'! 3&! 21! +)-(036)&! 3:*3&.,*4*(1,*-.!
+1)190,)*A6&!6,*2*'0&!+-6)! *3&.,*4*&)! 2&'!+1)19G,)&'!3&!.-'!9-3G2&'#! Y1!+)&9*G)&!0,1+&!(-.'*',&!=!





+1)19G,)&'! &.! 6,*2*'1.,! 2:?h! 14*.! 3:*3&.,*4*&)! 2&'! -+,*91#! Y&! +)*.(*+&! 3&! 4-.(,*-..&9&.,! 3&! (&,!




u.! *.3*J*36!31.'! 2:?h! (-))&'+-.3!=!6.! m&6!3&!+1)19G,)&'!3-..0#! Y&!.-95)&!3:*.3*J*36'!31.'!6.&!
+-+621,*-.! &',! 304*.*! +1)! 30416,! =! "\! 4-*'! 2&! .-95)&! 3&! +1)19G,)&'#! 8-6)! (&,,&! 0,1+&! 3&! 21!
+)-(036)&I!"\!21.(0'!3&!2:?h!'-.,!&44&(,60'I!(@1A6&!21.(0!(-))&'+-.3!=!6.&!+-+621,*-.!,&',0&!'6)!7\!
/0.0)1,*-.'! 1J&(! 6.&! +)-515*2*,0! 3&! 96,1,*-.! 4*M0&! =! "#! Y1! +&)4-)91.(&! 3&! (@1A6&! *.3*J*36! &',!











































! (-))&'+-.3! =! 21! *
09&
! 3-..0&! &M+0)*9&.,12&I! )(mod indF
i
! &',! 21! *
09&
! J12&6)! (12(620&! +1)! 2&!














?+)G'! 1J-*)! *3&.,*4*0! 6.! 3-91*.&! 3&! )&(@&)(@&! 3&'! +1)19G,)&'I! 2:0,1+&! $! 3&! 21! +)-(036)&!




infborne supborneACas ⋅ ip
cf







E&2-.! 2&'!3*440)&.,'!(1'!+)0'&.,0'!+)0(03&99&.,I! 2:?g!&',! 21.(0!.! 4-*'#! U(*!0/12&9&.,!(@1A6&! 21.(0!
(-))&'+-.3! =! 6.&! +-+621,*-.! ,&',0&! '6)! 7\! /0.0)1,*-.'!91*'! 1J&(! 6.&! +)-515*2*,0! 3&!96,1,*-.! 3&!
"[.-95)&r3:*.3*J*36'#! Y:?h! J1! ,)-6J&)! +-6)! (@1A6&! 21.(0! 3&'! '-26,*-.'! 139*''*52&'#! Y1! 9&*22&6)&!























































?4*.! 3&! '02&(,*-..&)! 2&! 9-3G2&! +&)9&,,1.,! 3&! '*962&)! 2:&.'&952&! 3&'! (-9+-),&9&.,'! -5'&)J0'!





%1.'! (&,,&! +1),*&! 3&! .-,)&! ,)1J1*2I! (@1A6&! 9-3G2&! &',! *9+209&.,0! 31.'! 2:-6,*2! 3:*3&.,*4*(1,*-.!
+1)190,)*A6&I!14*.!3&!,&',&)!2&'!,)-*'!(-9+-),&9&.,'!&M,)n9&'!)&,&.6'#!




Y:1m6',&9&.,! -5,&.6! 1J&(! (&! 9-3G2&! 91,@091,*A6&! &',! +&6! '1,*'41*'1.,! +-6)! 2&'! ,)-*'! (-6)5&'!
&M+0)*9&.,12&'!(-.'*30)0&'#!
Y&! 9-3G2&! 3&! p&2J*.NV-*/,! /0.0)12*'0! =! 3*',)*56,*-.! '+&(,)12&! 1! 0,0! 13-+,0#! Y&! .-95)&! 3&!
90(1.*'9&'! 1! 0,0! 4*M0! '644*'199&.,! /)1.3! R]j"OS! +-6)! 1++)-(@&)! 2&'! 3*440)&.,'#! Y&'! )0'62,1,'!









































































































3:6.&! 3-652&! /16''*&..&I! 6.&! 3*',)*56,*-.! /16''*&..&! *.J&)'&! 1! 0,0! +)040)0&#! L22&! 1! 2:1J1.,1/&! 3&!
+-.30)&)! 4-),&9&.,!3&6M!(-.',1.,&'!3&!,&9+'!R16M!&M,)09*,0'!3&! 21!+1)15-2&S!(-99&!6.&!3-652&!






]-6'! +-6J-.'! (-.',1,&)! '6)! 21! Z*/6)&! 7N">! R1I5S! 6.&! 5-..&! (-))021,*-.! 36! 9-3G2&! /0.0)12*'0! =!
3*',)*56,*-.!'+&(,)12&!'6)!2&!(-9+-),&9&.,!36!,F+&r$#!K&+&.31.,!2&'!)0'62,1,'!'6)!2&'!,F+&'!"!&,!<!.&!
'-.,!+1'!'1,*'41*'1.,'#!













































































2*.01*)&'I!H1*)&! RH1*)&I! "BB$S!31.'! '&'! ,)1J16M!3&! ,@G'&!9-.,)&!A6:&.! ,)-.A61.,! 2&! '+&(,)&I! *2! &',!
1*.'*! +-''*52&! 3&! )&+)-36*)&! 3&'! (-9+-),&9&.,'! .-.N2*.01*)&'#! K&,,&! 90,@-3&! 1! 0,0! '*9620&! &.!


























































+&)9&,,)&!6.&! ,)-.(1,6)&!=!/16(@&!-6!=!3)-*,&!36!'+&(,)&#!Y&'! )0'62,1,'!-5,&.6'!1J&(!'6)! 2&'! ,)-*'!






u.&!5-..&!(-))021,*-.!&.,)&! 21!(-6)5&!&M+0)*9&.,12&!&,! 2&!9-3G2&!&',!-5,&.6!+-6)! 2&! ,F+&r$#!%&'!
0(1),'! +26'! *9+-),1.,'! '-.,! J*'612*'0'! +-6)! 2&'! (-9+-),&9&.,'! 3&! ,F+&r"! &,! ,F+&r<! 16! .*J&16! 36!
4261/&!+)*91*)&!&,!'&(-.31*)&#!
Y1! 3*',)*56,*-.! '+&(,)12&! /16''*&..&! *.J&)'&! ,)-.A60&! 1! 0/12&9&.,! 0,0! 13-+,0&! +-6)! 2&! 9-3G2&!














































































&M(&22&.,&! (-))021,*-.! &.,)&! 2&'! )0'62,1,'! &M+0)*9&.,16M! &,! '*9620'#! 8-6)! (&!9-3G2&! J*'(-021',*A6&!
1.*'-,)-+&I!2&'!+1)19G,)&'!'-.,!τ"I!σI!β"$I!β$$I!.9*.!&,!.91MI!'-*,!<!+1)19G,)&'!v!91,0)*16!w!Rτ"I!β"$I!β$$S!
&,! <! +1)19G,)&'! v!3&! 4-)9&!w! Rσ! 21!9-F&..&! &,! .9*.I! .91M! 2&'! 5-).&'! *.40)*&6)&'! &,! '6+0)*&6)&'! 36!









+)0'&.,0'! '6)! 21! Z*/6)&! 7N$7#! U2'! +&)9&,,&.,! 3:-5'&)J&)! 21! 4-),&! 3*'+&)'*-.! -5,&.6&! +-6)! (&'!
3*440)&.,&'!(-6)5&'N,F+&'I!1J&(!3&'!,)-.(1,6)&'!91)A60&'!+-6)! 2&'!(-6)5&'!.-.N2*.01*)&'!R,F+&!"!&,!









































































8+@)&4, -I.-!D! %*',)*56,*-.! 3&'! µ*! &.! 4-.(,*-.! 3&'! τ*! +-6)! 2&'! 3*440)&.,'! ,F+&'! 3&! (-9+-),&9&.,
!"#"$%&#'() !"#$% !"#$& !"#$'
τ* ()&*+, ),*', (*)&
σ &*&' %%*)& &*++
β*+ '*+)-./' (*('-./& '*,0-./'
β++ ,*,&-./' %*/,-./' (*()-./,
,$-, /*1+ /*%/ /*%/
,$". /*'1 /*%& /*1%























9-F&..&! 16,1.,! 3&! 304-)91,*-.! *.',1.,1.0&! A6&! 3&! 304-)91,*-.! 3*440)0&! ,09-*/.1.,! 3:6.&! +1),!
J*'A6&6'&! .-.! .0/2*/&152&#! u.&! 4-),&! 3*'+&)'*-.! 1! 0,0! -5'&)J0&! &.! .&! (-.'*30)1.,! A6&! 21!
304-)91,*-.!3*440)0&!3&'!4*5)&'#!K&,,&!3*'+&)'*-.!1!0,0!)&,)-6J0&!,1.,!16!.*J&16!3&!2:19+2*,63&!A6&!
'6)! 2:1226)&! 3&! 21! 4-.(,*-.! 3&! 4261/&#! Y&'! )0+-.'&'! 3*440)0&'! .-)912*'0&'! -.,!9-.,)0! ,)-*'! ,F+&'! 3&!
(-9+-),&9&.,I! 1J&(! 6.&! 3*9*.6,*-.! 3&! 21! J*,&''&! 3&! 4261/&! +)*91*)&! +26'! -6! 9-*.'! )1+*3&I!
,09-*/.1.,!3&'!3*440)&.(&'!16!.*J&16!3&'!(-.',1.,&'!3&!,&9+'!(1)1(,0)*',*A6&'!3&'!4*5)&'#!
?4*.!3&!(-9+1)&)!4*.&9&.,!2&'!4-.(,*-.'!3&!4261/&!&.)&/*',)0&'!+-6)!2&'!3*440)&.,&'!4*5)&'!,&',0&'I!*2!1!
0,0! +)-+-'0! 3&! 30()*)&! 2&'! (-6)5&'! =! 2:1*3&! 3&! 9-3G2&'! )@0-2-/*A6&'#! 826'*&6)'! 9-3G2&'!
)@0-2-/*A6&'I!3&'!+26'!'*9+2&'!R9-3G2&!91,@091,*A6&S!16M!+26'!0J-260'!R1.*'-,)-+&'S!-.,!0,0!,&',0'#!





1++2*A61.,! 6.&! ,)-.(1,6)&! 16! '+&(,)&! /16''*&.! *.J&)'&#! Y&'! J12&6)'! 3&'! +1)19G,)&'! *3&.,*4*0'! -.,!
9-.,)0! 3&'! ,&9+'! 3&! )&21M1,*-.! *9+-),1.,'! '6)! 2&! (-9+-),&9&.,! 36! ,F+&"! (-9+1)0'! 16M! J12&6)'!
,)-6J0&'!'6)!2&'!,F+&'$!&,!<#!
?+)G'!1J-*)!+)-(030!=!6.&!(1)1(,0)*'1,*-.!',1,*',*A6&!'-6'!&.J*)-..&9&.,!195*1.,I!.-6'!+)-+-'-.'!





C 0$&$LIN&%P$I%"H( JNI'&#%H%PI'( JK( L"#R"&I'#'HI( J%UUN&N( J'P( U%Q&'P(
NON#'HI$%&'P( J'( LS$HV&'( P"KP( LS$&M'#'HI( 'I( 'HV%&"HH'#'HI(
V$&%$QO'P(
CW6 )HI&"JKLI%"H(
?+)G'! 1J-*)!9-.,)0! 21! +-''*5*2*,0! 3&! (1)1(,0)*'&)! &,!9*'! &.! 0J*3&.(&! 2&! (-9+-),&9&.,! 3*440)0! 3&'!
4*5)&'!'-6'!(@1)/&9&.,!&,!&.J*)-..&9&.,!(-.',1.,'!31.'!2&!(@1+*,)&!+)0(03&.,I!.-6'!122-.'!31.'!(&!
3&).*&)! (@1+*,)&! 0,63*&)! 2&! (-9+-),&9&.,! 3*440)0! 3&'! 4*5)&'! '-6'! (@1)/&9&.,! &,! &.J*)-..&9&.,!
J1)*152&'#! Y&'! )0'62,1,'!36!(@1+*,)&!+)0(03&.,!1F1.,! '-62*/.0'! 2&'!3*44*(62,0'!3&'!1++)-(@&'!+-),1.,!
'6)!6.!/)1.3!.-95)&!3&!4*5)&'I!.-6'!1J-.'!+)040)0!31.'!(&,,&!+1),*&!6.&!1++)-(@&!30,&)9*.*',&#!Y&'!
&44&,'! 36! (F(21/&! 90(1.*A6&! &,! (2*91,*A6&! '6)! 2&! (-9+-),&9&.,! 3*440)0! 3&'! 4*5)&'! '&)-.,! 9*'! &.!
0J*3&.(&!=!2:0(@&22&!3:6.&!9n9&!4*5)&!0209&.,1*)&#!
K&,,&! 0,63&! '&! (-9+-'&! 3&! ,)-*'! +1),*&'#! Y1! +)&9*G)&! +1),*&! +)0'&.,&! 21! 90,@-3&! 1*.'*! A6&! 2&'!
)0'62,1,'!3&!21!(1)1(,0)*'1,*-.!36!(-9+-),&9&.,!3*440)0!3&'!4*5)&'!'-6'!3*440)&.,'!.*J&16M!3:@69*3*,0!
)&21,*J&! RgQS! &,! '-6'! (@1)/&9&.,! &,! ,&9+0)1,6)&! (-.',1.,'#! L.'6*,&I! 31.'! 6.&! '&(-.3&! +1),*&I!
2:*.426&.(&! 3&'! J1)*1,*-.'! 3:gQ! '6)! 2&! (-9+-),&9&.,! 3*440)0! 3&'! 4*5)&'! &',! 0,63*0&! =! 3*440)&.,&'!
J*,&''&'! 3:@69*3*4*(1,*-.! '-6'! (@1)/&9&.,! &,! ,&9+0)1,6)&! (-.',1.,'#! L.4*.I! 31.'! 6.&! ,)-*'*G9&! &,!






Y1! (-.4*/6)1,*-.! &M+0)*9&.,12&! 6,*2*'0&! *(*! )&',&! 21! 9n9&! A6&! (&22&! 30()*,&! 31.'! 2&! (@1+*,)&! $! R-,.
(@1+*,)&! $!D! $#$#<S#! K&+&.31.,! +-6)! 0,63*&)! 2:&44&,! 3:6.&! J1)*1,*-.! 3:@69*3*,0! )&21,*J&! '6)! 2&!
(-9+-),&9&.,! 3*440)0! 3&! 21! 4*5)&I! 3&'! 9-3*4*(1,*-.'! -.,! 0,0! 1++-),0&'! 31.'! 21! (@195)&!
&.J*)-..&9&.,12&! 14*.! 3&! (-.,)`2&)! +26'! 4*.&9&.,! 21! J*,&''&! 3:@69*3*4*(1,*-.#! Y&! J-269&! 3&! 21!
(@195)&!3&!(-.,)`2&I!1!0,0!)036*,!14*.!3:-5,&.*)!3&'!J*,&''&'!1221.,!3&!"!=!$Ol!gQ[9*.#!
CWA )HUOK'HL'(J'(O=SK#%J%IN(&'O$I%V'(PK&(O'(L"#R"&I'#'HI(J%UUN&N(
Y&'! &''1*'! 3&! ,F+&! 4261/&!-.,! 0,0! 13-+,0'! *(*! 14*.! 3:0,63*&)! 2:*.426&.(&!3&! 2:@69*3*,0! )&21,*J&! '6)! 2&!
(-9+-),&9&.,!3*440)0!3&'! 4*5)&'#!Y&'!3*44*(62,0'!&M+0)*9&.,12&'! )&.(-.,)0&'!'-.,!'*9*21*)&'!=!(&22&'!
)&.(-.,)0&'! 2-)'! 3&! 21! (1)1(,0)*'1,*-.! 36! (-9+-),&9&.,! 3*440)0! 3&'! 4*5)&'! '-6'! 6.! &.J*)-..&9&.,!
(-.',1.,I!(-.(&).1.,!2&'!+&,*,'!&44-),'!9*'!&.!m&6#!L.!+26'!3&'!@F+-,@G'&'!41*,&'!'6)!21!'&(,*-.!3&!21!
4*5)&! R(*)(621*)&! &,! 6.*4-)9&SI! 2&'! +-''*52&'! J1)*1,*-.'! 3*9&.'*-..&22&'! 3&'! +1)-*'! (&22621*)&'! 2*0&'! =!
6.&!J1)*1,*-.!3:@69*3*,0!)&21,*J&!.&!'-.,!+1'!+)*'&'!&.!(-9+,&!31.'!2&!(12(62!3&!21!(-.,)1*.,&!+-6)!2&'!
9n9&'! )1*'-.'! A6&! (&22&'! 0J-A60&'! 31.'! 2&! (@1+*,)&! 7#! 8-6)! ':1''6)&)! A6&! 2&'! 3&6M! &M,)09*,0'! 36!
(13)&!+1+*&)!&,! 21!(-22&!.&!+1),*(*+&.,!+1'!=! 21!)0+-.'&!2-)'!3:6.&!J1)*1,*-.!3:@69*3*,0I! 2=!&.(-)&!21!
90,@-3-2-/*&!3:&''1*!&',!,&',0&!'6)!3&'!4*5)&'!3&!(1)5-.&!A6*!+-''G3&.,!6.!(-9+-),&9&.,!021',*A6&!





'-6'! 6.! (@1)/&9&.,! (-.',1.,! 3&! O\! H81! &,! =! 3*440)&.,'! +12*&)'! 3:gQ#! P)-*'! .*J&16M! 3:gQ! -.,! 0,0!
,&',0'! R"OlI! O\lI! >\lS! =! ,&9+0)1,6)&! 195*1.,&#! Y1! +)-(036)&! 6,*2*'0&! 31.'! 2&! (@1+*,)&! 7! +-6)!
3*''-(*&)! 21! )0+-.'&! *.',1.,1.0&! &,! (&22&! 3*440)0&! 1! 0,0! 1++2*A60&! *(*#! Y&'! 304-)91,*-.'! 3*440)0&'! =!
(@1A6&!.*J&16!3:@69*3*,0!)&21,*J&!'-.,!)&+)0'&.,0&'!)&'+&(,*J&9&.,!'6)!21!Z*/6)&!ON"!R1I!5I!(SI!&,!2&'!
304-)91,*-.'!3*440)0&'!.-)912*'0&'!'6)!21!Z*/6)&!ON"!R3I!&I!4S#!
Y&'! )0'62,1,'! 9-.,)&.,! '6)! ,-6'! 2&'! .*J&16M! 3:gQ! 6.&! 4-),&! 3*'+&)'*-.! 2*0&! =! 2:19+2*,63&! 3&'!






















3&! 9&,,)&! &.! 0J*3&.(&! &,[-6! 3&! A61.,*4*&)! 2:*.426&.(&! 3:6.! +1)19G,)&! &M,0)*&6)! ,&2! A6&! 2:gQ#! K&'!
3*44*(62,0'! -.,! 30m=! 0,0! '-62*/.0&'! 31.'! 2&'! (@1+*,)&'! $! &,! <#! 8-6)! +12*&)! (&'! 3*44*(62,0'! &,! 9*&6M!











































































































































































































































(@1./&9&.,!3:gQ!+&6,!n,)&!1,,)*560&!=!6.! (-6+21/&!90(1.-N'-)+,*4#! L.!&44&,! (-99&!.-6'! 2:1J-.'!
0J-A60! 31.'! 2&! (@1+*,)&! <! R-,! (@1+*,)&! <!D! <#$#$SI! 21! '-)+,*-.! 3:&16! (@&C! 2&'! 4*5)&'! J0/0,12&'! +&6,!
*.36*)&!3&'!)6+,6)&'!3&!2*1*'-.'!@F3)-/G.&'!*.,)1!&,!*.,&)N9-20(621*)&'#!E-6'!'-22*(*,1,*-.!90(1.*A6&I!







(@1)/&9&.,!90(1.*A6&! '-.,! '*/.*4*(1,*J&'#! Y&'!304-)91,*-.'!90(1.-N'-)+,*J&'!=!@16,&6)!3&!"#;<l!
30+1''&.,! 2&'! 304-)91,*-.'! *.36*,&'! +1)! 2&! (@1)/&9&.,! 90(1.*A6&! '&62! R"#7OlS#! U2! 1++1)1*,! 3-.(!
+)*9-)3*12!+-6)!2&'!4*5)&'!J0/0,12&'!3&!+)&.3)&!.-.!'&62&9&.,!&.!(-9+,&!2&6)!(-9+-),&9&.,!3*440)0!
&,!0/12&9&.,!2&6)!(-9+-),&9&.,!90(1.-N'-)+,*4#!
Y:16/9&.,1,*-.! 3&'! 304-)91,*-.'! 90(1.-N'-)+,*J&'! &',! +1),*(62*G)&9&.,! *9+-),1.,&! 2-)'A6&! 2:gQ!
30+1''&!;\l#!K&,,&!16/9&.,1,*-.!'&952&!)&420,&)!21!)6+,6)&!-5'&)J0&!'6)!2&'!*'-,@&)9&'!3&!'-)+,*-.!
-5'&)J0&!31.'! (&,,&!/199&!3:gQ! RZ*/6)&!ON<SI! &,! =!+1),*)!3&! 21A6&22&! 21! 4*5)&!9-.,)&!6.&! (1+1(*,0!
1(()6&! =! 15'-)5&)! 3&! 2:&16#! K&'! 9-3*4*(1,*-.'! ,1.,! 31.'! 2&! (-9+-),&9&.,! '-)+,*4! A6&! 2&!

































1 2 3 4
"\$!
!






K&,,&! 3&6M*G9&! +)-(036)&! (-.'*',&! =! 1++2*A6&)! 3&'! &''1*'! 3&! 4261/&[)&(-6J)1.(&! '6((&''*4'! =!
3*440)&.,'! +12*&)'! 3:gQ#! L.! &44&,! 2:1++2*(1,*-.! 3:6.&! (@1)/&! 90(1.*A6&! +-6)! (@1A6&! +12*&)! 3:gQ!
+&)9&,!3&!3*''-(*&)!(21*)&9&.,! 21!)0+-.'&! *.',1.,1.0&!&,!(&22&!3*440)0&!3&'!4*5)&'#!Y1!Z*/6)&!ON7!R1S!
*226',)&! 2&! +)*.(*+&! 1++2*A60! 1J&(! O! 3*440)&.,&'! 0,1+&'#! Y:0,1+&! "! (-.'*',&I! 1+)G'! 1++2*(1,*-.! 3:6.&!
20/G)&! +)0,&.,*-.! =! 21! 4*5)&I! =! -5'&)J&)! 6.! +12*&)! 14*.! 3:1,,&*.3)&! 2:0A6*2*5)&! @F/)-'(-+*A6&#! %1.'!















































































Z*/6)&! ON7! R5S#! K&! )0'62,1,! 9&,! &.(-)&! &.! 0J*3&.(&! 2:&M*',&.(&! 3&! 304-)91,*-.'! *))0J&)'*52&'!
'*/.*4*(1,*J&'! +-6)! 2:&.'&952&! 3&'! gQ! ,&',0&'#! Y&'! ()-*M! )-6/&! '6)! 21! 4*/6)&! *.3*A6&.,! 21! 4*.! 3&! 21!
)0+-.'&!*.',1.,1.0&!&,!2&!3056,!3&!21!)0+-.'&!3*440)0&#!






L.!'-6',)1F1.,! 21! )0+-.'&! *.',1.,1.0&!=! 21! )0+-.'&! ,-,12&I! 21! )0+-.'&!3*440)0&!+-6)!(@1A6&!.*J&16!
3:gQ! &',! 1*.'*! )&+)0'&.,0&! '6)! 21! Z*/6)&! ON;#! K&! )0'62,1,! 9-.,)&! =! 21! 4-*'! 2:&44&,! 3&! 2:gQ! '6)! 21!
304-)91,*-.! 3*440)0&I! &,! '&952&! 30()*)&! 6.&! )&21,*-.! +)-+-),*-..&22&! &.,)&! 2:19+2*,63&! 3&! 21!
304-)91,*-.!3*440)0&!&,!2&!.*J&16!3:gQ#!L.!+)-(031.,!=!6.&!.-)912*'1,*-.!3&'!304-)91,*-.'!3*440)0&'!



























3&'! )0'62,1,'I! (&! +)-,-(-2&! &M+0)*9&.,12! 1! 0,0! )0+0,0! '6)! 3&6M! 16,)&'! 4*5)&'#! Y&'! )0+-.'&'! 3&! (&'!



















































































)*+,-. )*+,-/ )*+,-0 )*+,-. )*+,-/ )*+,-0 )*+,-. )*+,-/ )*+,-0
1"2345,6-$7895: .( /. ; .< .< .= .= .( .'
1"2>?345,6-$7895: /. /= .( /. /( .= 2 2 2
ε@*ABC 7#: "D/.! "D/.0 .D0;= "D.'= "D/== "D/.< "D/"! "D/;/ "D//=




&.! 4-.(,*-.! 36! .*J&16! 3:gQI! &M(&+,0! 2&!9-362&! 3&! (@1)/&! '6)! 21! 4*5)&<! -! 6.&! 41*52&! J12&6)! 1! 0,0!
30,&)9*.0&! =! 7\l! 3:gQ#! K&+&.31.,! 2&'! )0'62,1,'! '6)! 2&'! 304-)91,*-.'! 3*440)0&'! 9-.,)&.,! 6.&!
()-*''1.(&! 3&! 2:19+2*,63&! 3&'! 304-)91,*-.'! &.! 4-.(,*-.! 36! .*J&16! 3:gQ! +-6)! (@1(6.&! 3&'! 4*5)&'!
,&',0&'#!L.!&44&,I!+26'!2&!.*J&16!3:gQ!&',!02&J0I!+26'!2:19+2*,63&!3&!21!304-)91,*-.!3*440)0&!&',!/)1.3&!
























































%1.'! (&,,&! +1),*&! 3&! .-,)&! ,)1J1*2I! +26'*&6)'! 4*5)&'! -.,! 0,0! ,&',0&'! '-6'! (2*91,! J1)*152&! &,! +26'!
&M1(,&9&.,!'-69*'&'!=!3&'!J1)*1,*-.'!(F(2*A6&'!3:gQ!'-6'!(-.3*,*-.'!,@&)9-90(1.*A6&'!(-.',1.,&'
)5.124,250( CMPa °±=Τ±=σ #! %&6M! &''1*'! -.,! 0,0! )012*'0'! =! 3&6M! J*,&''&'! 3:@69*3*4*(1,*-.I! =!














































































































































































L.! 6,*2*'1.,! 21! )&+)0'&.,1,*-.! 3&! 21! 304-)91,*-.! 3*440)0&! &.! 4-.(,*-.! 36! 2-/1)*,@9*A6&! 3&'! ,&9+'!
RZ*/6)&! ON"\! 4*5)&"#5SI! *2! &',! +-''*52&! 3:-5'&)J&)! 6.&! 20/G)&! 3*9*.6,*-.! 3&! 21! J*,&''&! '&(-.31*)&! 16!
(-6)'!36!,&9+'#!Y&!(F(21/&!&.!gQI! *.36*,!.1,6)&22&9&.,!3&'!J1)*1,*-.'!3&!304-)91,*-.#!]01.9-*.'I!





8-6)! 2&! 3&6M*G9&! ,&',! RZ*/6)&!ON""! 4*5)&$#1SI! 2:gQ!&',!91*.,&.6&! (-.',1.,&! =! >\l!+&.31.,! B!\\\'I!




K-9+,&! ,&.6! 3&! 21! 4-),&! J1)*15*2*,0! 36! (-9+-),&9&.,! 3&'! 4*5)&'! J0/0,12&'I! (&,,&! 1((020)1,*-.! 36!
4261/&!-5'&)J0&! '&62&9&.,!=!J*,&''&!3:@69*3*4*(1,*-.!02&J0&!+-6))1*,!n,)&!36&!=!6.&!3*440)&.(&!3&!
(-9+-),&9&.,!*.,&)N4*5)&#!8-6)!2&J&)!(&,,&!195*/6,0I!6.&!9n9&!&,!'&62&!4*5)&!1!0,0!'-69*'&!=!3&'!































































1221.,! 3&! "O! =! >\l! +-6)! 6.&! J*,&''&! 9-F&..&! 3:@69*3*4*(1,*-.! 3&! /0. 1234%&! '-.,! 1++2*A60'! 3&!
.-6J&16I!&,!&.4*.!6.!+12*&)!=!>\l!3:gQ!&',!91*.,&.6!+&.31.,!O!\\\'#!









































































8-6)!9*&6M! (-9+)&.3)&! 2:-)*/*.&!3&! (&!+@0.-9G.&I!%-./!&,!12#! R%-./!&,!12#I! $\\BS!+)-+-'&.,!3&'!
@F+-,@G'&'!51'0&'!'6)!6.&!)&21,*-.!+-''*52&!&.,)&!2:1((020)1,*-.!36!4261/&!&,!2:1./2&!3&'!9*()-4*5)*22&'!
R?HZS#!U2'!9-.,)&.,!A6&!'*!2:1./2&!&.,)&!2&'!9*()-4*5)*22&'!&,!2:1M&!3&!21!4*5)&!&',!/)1.3I!6.&!J1)*1,*-.!
(F(2*A6&! 3:gQ! *.36*,! 6.! 41*52&! *9+1(,! '6)! 2&! (-9+-),&9&.,! 3*440)0! 3&'! 4*5)&'#! %1.'! .-,)&! (1'I!
2:1((020)1,*-.!-6!.-.!36!4261/&!0,1.,!-5'&)J0&!'6)!6.&!9n9&!&,!'&62&!4*5)&I!(&,,&!@F+-,@G'&!51'0&!
'6)!2&'!3*440)&.(&'!3:?HZ!.:&',!+1'!+216'*52&#!
%1.'! 2&! (13)&! 3&! .-'! )0'62,1,'I! 6.! '(0.1)*-! 51'0! '6)! 2&'! @F+-,@G'&'! 36! v!/)13*&.,!w! Rg15&/&)! 1.3!
K-44*.I!$\\\S!1!0,0!)&,&.6!RZ*/6)&!ON"<S#!K&'!@F+-,@G'&'!',*+62&.,I!A6:6.&!J1)*1,*-.!3:gQ!02&J0&!+&6,!
*.36*)&! 6.! 4-),! /)13*&.,! 3&! ,&.&6)! &.! &16! 31.'! 21! +1)-*! (&22621*)&! 3&! 21! 4*5)&#! 826'! 21! J*,&''&!






























0,0!6,*2*'0&! *(*!0/12&9&.,#!826'*&6)'! 4*5)&'!-.,!0,0! ,&',0&'! '-6'!3*440)&.,'!+12*&)'!3&!(@1)/&9&.,!&,!
'-6'!9n9&'!(-.3*,*-.'!@F/)-,@&)9*A6&'I!14*.!3&!J0)*4*&)!21!)&+)-36(,*5*2*,0!3&'!)0'62,1,'#!
CW?W6 *%V'$K(J'(L"HI&$%HI'(
%&6M! 3&'! &''1*'! )012*'0'! '6)! 3&'! 4*5)&'! 3&! A6&2A6&'! 9*()-.'! 3&! 3*19G,)&! 9-F&.! &M,0)*&6)! &,! 3&!
2-./6&6)! 6,*2&! "\! 99! '-.,! +)0'&.,0'! '6)! 21! Z*/6)&! ON"7#! E6)! 2&'! 4*5)&'! 1! &,! 5! 3&'! +12*&)'! 3&!












































































Y&'! 304-)91,*-.'! )0'62,1.,&'! +-6)! (@1A6&! +12*&)! 3&! (@1)/&9&.,! 3&'! 3*440)&.,&'! 4*5)&'! '-.,!

























































45 655 645 755 745
85 092%3
:";+$ % 7< =5 =< >6 >=
:";+$ ; 6? 77 =? =< >7
ε@".A/ 0B3
:";+$ % 5C6D4 5C6?E 5C674 5C67> 5C66<
:";+$ ; 5C7?> 5C76= 5C6=6 5C67D 5C665
ε@("FF@=?55A'0B3
:";+$ % 5C6?4 5C7< 5C74> 5C6DD 5C6<>
:";+$ ; 5C76= 5C7E4 5C777 5C67E 5C5E=
ε@("FF@65'555A'0B3
:";+$ % 5C6EE 5C=77 5C=6E 5C74< 5C7?7
:";+$ ; 5C7>7 5C=6E 5C747 5C64D 5C6=<
""$!
!
Y&'! )0'62,1,'! 36! ,152&16! 9-.,)&.,! '6)! 2&'! 3&6M! 4*5)&'! ,&',0&'! 6.&! 16/9&.,1,*-.! 36! 9-362&!
*.',1.,1.0! ,1./&.,! &.! 4-.(,*-.! 36! .*J&16! 3&! (@1)/&9&.,#! K&,,&! )*/*3*4*(1,*-.! 3&'! 4*5)&'! '-6'!
(-.,)1*.,&! 1! 0,0! -5'&)J0&! &.! ,)1(,*-.! A61'*N',1,*A6&! 31.'! 2&! (@1+*,)&! $I! &,! 1! 0,0! 1,,)*560&! =! 6.&!
+-''*52&! )0-)*&.,1,*-.! 3&'! 9*()-4*5)*22&'! +26'! 6.&! ()*',122*'1,*-.! 3&'! +1),*&'! 19-)+@&'! +-6)! 2&'!
.*J&16M!3&!(@1)/&9&.,!02&J0'#!
u.&! 3*9*.6,*-.! 3&! 21! 304-)91,*-.! *.',1.,1.0&! &.! 4-.(,*-.! 36! .*J&16! 3&! (@1)/&9&.,! &',! +1)!
(-.'0A6&.,!-5'&)J0&!'6)!2&'!3&6M!4*5)&'#!
Y&'! 304-)91,*-.'! 3*440)0&'! -.,! 0,0! 0,63*0&'! &.! +1),*(62*&)! =! 3&6M! ,&9+'! =! <!;\\! &,! =! "\!\\\'#! Y&'!









36! (-9+-),&9&.,! 36! 4261/&! +)*91*)&! &,! '&(-.31*)&#! Y1! )&+)0'&.,1,*-.! 3&'! 304-)91,*-.'! 3*440)0&'!
.-)912*'0&'! &.! 4-.(,*-.! 36! 2-/1)*,@9&! 3&'! ,&9+'! RZ*5)&! 1I! Z*5)&! 5S! 9-.,)&! 6.&! 0J-26,*-.! .-.N
2*.01*)&!36!(-9+-),&9&.,!3*440)0!3&'!4*5)&'!A6&2A6&!'-*,!2&!.*J&16!3&!(@1)/&9&.,!'6)!2&'!3&6M!4*5)&'#!
K&,,&! 0J-26,*-.! .-.N2*.01*)&! '&952&! 31J1.,1/&! 1((&.,60&! '6)! 2&'! .*J&16M! 3&! (@1)/&9&.,! 2&'! +26'!
02&J0'#!
U2!1++1)1*,!(21*)&9&.,!A6&!2&!(-9+-),&9&.,!3*440)0!3&'!4*5)&'!3&!(@1.J)&!&',!.-.N2*.01*)&!=!21!4-*'!&.!







































































































































































































































3&! 4261/&! '&(-.31*)&! 1J1.,! &,! 1+)G'! 6.&! J1)*1,*-.! (F(2*A6&! &.! (@1)/&9&.,#! Y1! )&+)0'&.,1,*-.! &.!
0(@&22&! 2-/1)*,@9*A6&!3&'! ,&9+'!1!+&)9*'!3:*3&.,*4*&)! 3&6M!+&.,&'! 4*.12&'!A6*! *.3*A6&.,!6.&! 41*52&!









































































































31.'! (&,,&! +1),*&! 3&! .-,)&! ,)1J1*2#! Y&'! )0'62,1,'! -.,! 9-.,)0! 6.! &44&,! '*/.*4*(1,*4! 36! .*J&16! 3&!












Y:-5m&(,*4! 3&! (&'! ,)1J16M! 3&! ,@G'&! 0,1*,! 3:1++-),&)! 3&'! 0209&.,'! 3&! (-9+)0@&.'*-.! '6)! 2&!
(-9+-),&9&.,! ,@&)9-N@F/)-N90(1.*A6&! 3&'! 4*5)&'! 2*50)*&..&'! *''6&'! 36! (@1.J)&! &,! 3&! (-.',)6*)&!
6.&!51'&!3&!3-..0&'! '6)! 2&'! +)-+)*0,0'! 1''-(*0&'#! K&'! '-22*(*,1,*-.'! +@F'*A6&'! &,!90(1.*A6&'! '-.,!
)&.(-.,)0&'! +1)! 2&'! 4*5)&'! J0/0,12&'! =! 21! 4-*'! 2-)'! 3&'! 0,1+&'! 3&'! +)-(030'! 3&! ,)1.'4-)91,*-.! &,!
415)*(1,*-.!3&'!(-9+-'*,&'!&,!0/12&9&.,!&.!'&)J*(&#!
Y&'!',)1,0/*&'!&M+0)*9&.,12&'!9*'&'!&.!x6J)&!-.,!0,0!13-+,0&'!+1)4-*'!'6)!3&'!2-,'!3&!4*5)&'!1J&(!
6.! ,)1*,&9&.,! ',1,*',*A6&! 3&! 2:*.4-)91,*-.I! &,! 3:16,)&'! 4-*'I! =! 2:1*3&! 3:&''1*'! 962,*N'-22*(*,1,*-.'I!
(-95*.1.,! (@1)/&9&.,! 90(1.*A6&! &,! &.J*)-..&9&.,12! '6)! 6.&! '&62&! &,! 9n9&! 4*5)&#! K&,,&!
(1)1(,0)*'1,*-.I! 3*,&! 30,&)9*.*',&I! 1! 0,0! 1++2*A60&! &.! +1),*(62*&)! 2-)'A6&! 21! 3*'+&)'*-.! 31.'! 2&'!
3-..0&'!(-22&(,0&'!'6)!3&'!2-,'!3&!4*5)&'!0,1*,!,)-+!/)1.3&!+-6)!30/1/&)!6.&!,&.31.(&!-6!*3&.,*4*&)!
2:*.426&.(&!3:6.!+1)19G,)&!'6)!2&!(-9+-),&9&.,!-6!2&'!+)-+)*0,0'!3&'!4*5)&'#!Y1!+26'!/)1.3&!3*44*(62,0!
)&.(-.,)0&! 31.'! 2&'! &''1*'!962,*N'-22*(*,1,*-.'! )0'*3&! 31.'! 2&! 30(-6+21/&! 3&'! (-.,)*56,*-.'I! A6&22&'!
'-*&.,!90(1.-N'-)+,*J&'!-6!,@&)9-N@F3)*A6&'#!
Y&'!+)*.(*+16M! )0'62,1,'! (-22&(,0'! '6)! 2&! (-9+-),&9&.,!&,! 16!.*J&16!3&'!+)-+)*0,0'!90(1.*A6&'!
'-.,!'F.,@0,*'0'!(*N3&''-6'#!
P)-*'! ,F+&'! 3&! (-9+-),&9&.,! -.,! 0,0! -5'&)J0'! &.! ,)1(,*-.! 3-.,! 6.! 4-),&9&.,! .-.N2*.01*)&! &,!





3&! !3*'2-(1,*-.'!+-6)!6.!.*J&16!3&!(@1)/&9&.,!02&J0I!&,!=! 21! 4-*'!6.&!)01++1)*,*-.!3&!(&'!C-.&'!16!
5-6,! 3&! A6&2A6&'! ,&9+'! 1+)G'! 30(@1)/&9&.,I! ,09-*/.1.,! 1*.'*! 3&! J1)*1,*-.! 3&! 2:?HZ! '-6'!
(@1)/&9&.,!3&!,)1(,*-.I!&,!3&!21!9*'&!&.!m&6!3&!+@0.-9G.&'!J*'(-021',*A6&'#!
Y:*.426&.(&! 3&! 2:gQ! '6)! 2&! (-9+-),&9&.,! =! )6+,6)&! 3&'! 4*5)&'! 1! 0,0!9*'&! &.! 0J*3&.(&! /)y(&! =! 3&'!
-5'&)J1,*-.'!HLX#!Y&'!)0'62,1,'!-.,!9-.,)0!6.&!)6+,6)&!3&!,F+&!4)1/*2&!+-6)!2&'!.*J&16M!3:gQ!41*52&'!
&,!6.&!)6+,6)&!+26,`,!3&!,F+&!36(,*2&!3&'!4*5)&'!+-6)!3&'!gQ!02&J0&'#!
Y&'! )0+-.'&'! &.! 4261/&! 3&'! 4*5)&'! -.,! 9-.,)0! 0/12&9&.,! ,)-*'! ,F+&'! 3&! (-9+-),&9&.,I! 1J&(! 6.&!
3*9*.6,*-.! 3&! 21! J*,&''&! 3&! 4261/&! +)*91*)&! +26'! -6! 9-*.'! )1+*3&I! ,09-*/.1.,! 3&! 3*440)&.(&'! 16!
.*J&16!3&'!(-.',1.,&'!3&! ,&9+'!(1)1(,0)*',*A6&'#! Y&!9-3G2&!J*'(-021',*A6&!1.*'-,)-+&! )&,&.6!+-6)!
30()*)&!2&'!4-.(,*-.'!3&!4261/&!1!+&)9*'!3&!A61.,*4*&)!(&,,&!3*440)&.(&I!1J&(!3&'!(-.',1.,&'!3&!,&9+'!
J1)*1.,!3:6.!41(,&6)!"\\!R3&!O!=!O\\!'&(!&.J*)-.S!+-6)!2&'!(-6)5&'N,F+&'!&M,)n9&'#!
u.! &44&,! '*/.*4*(1,*4! 3&! 2:gQ! &,[-6! 36! .*J&16! 3&! (@1)/&9&.,! 1! 0,0! -5'&)J0! '6)! 2&! (-9+-),&9&.,!
3*440)0!3&'! 4*5)&'#!u.&!1((020)1,*-.!3&! 21!J*,&''&!3&!304-)91,*-.!3&'! 4*5)&'!1!0,0!9*'&!&.!0J*3&.(&!
+-6)!3&'!J*,&''&'!3:@69*3*4*(1,*-.!02&J0&'#!
Y&'! )0'62,1,'! 3:6.! (F(21/&!90(1.*A6&! '6)! 2&! (-9+-),&9&.,! 3*440)0! 3&'! 4*5)&'! .:-.,!9-.,)0! 16(6.!
&44&,!'6)!21!J*,&''&!36!4261/&!2-)'A6&!2&!(@1)/&9&.,!(F(2*A6&!&',!91*.,&.6!&.!3&''-6'!36!.*J&16!3&!
(@1)/&9&.,! *.*,*12#! K&+&.31.,I! 2-)'A6&! 2&! (F(21/&! 90(1.*A6&! 30+1''&! 2&! .*J&16! 3&! (@1)/&9&.,!
*.*,*12&9&.,!1++2*A60I!6.&!)036(,*-.!3&!21!J*,&''&!36!4261/&!'&(-.31*)&!1!0,0!-5'&)J0&#!
?6! .*J&16! 3&'! +)-+)*0,0'!90(1.*A6&'I! 6.&! /)1.3&! J1)*15*2*,0! 1! 0,0! -5'&)J0&! 2-)'A6&! 2:0,63&! ':&',!
+-),0&! '6)! 3&'! 2-,'! (-.,&.1.,! 3&! .-95)&6'&'! 4*5)&'#! h)y(&! =! 3&'! )&+)0'&.,1,*-.'! ',1,*',*A6&'I!
""T!
!
(&),1*.&'! 2-*'! -.,! +6! n,)&! *3&.,*4*0&'! +-6)! 30()*)&! 4*3G2&9&.,! 2&'! 3*',)*56,*-.'! 3&'! +)-+)*0,0'!
90(1.*A6&'!9&'6)0&'#!
Y:*.426&.(&!3&! 2:gQ!'6)! 2:122-./&9&.,!=!)6+,6)&!.:&',!+1'!',1,*',*A6&9&.,!'*/.*4*(1,*J&#!Y1!)0'*',1.(&!
3&'! 4*5)&'! 30()-*,! +-6)! 2&'! gQ! *.40)*&6)&'! &,! '6+0)*&6)&'! =! O\l#! Y1! 3*'+&)'*-.! &,! 2:0J-26,*-.! 3&! 21!
)0'*',1.(&!1J&(!2&!3*19G,)&!'-.,!+&6!144&(,0&'!+1)!2:gQ#!
Y&! 9-362&! 3:a-6./! 4*.12! 16/9&.,&! 1J&(! 2:gQI! 12-)'! A6&! 2&! 9-362&! 3&! )*/*3*,0! *.*,*12! 3*9*.6&#! K&!
+@0.-9G.&! &',! 1,,)*560! 16M! 90(1.*'9&'! 3&! )&21M1,*-.! 3&'! C-.&'! 19-)+@&'! &,! 36! )&3)&''&9&.,!
+)-/)&''*4!3&'!9*()-4*5)*22&'!'-6'!'-22*(*,1,*-.!3&!,)1(,*-.#!Y1!3*9*.6,*-.!36!9-362&!3&!)*/*3*,0!*.*,*12!1!
0,0! &',*90&! 16M! &.J*)-.'! 3&! "Ol! +-6)! 3&'! gQ! 1221.,! 3&! "\! =! >\l#! L.! (-.'*30)1.,! 6.! (-&44*(*&.,!




6.&! (@6,&! 3)1',*A6&! 3&! 21! )*/*3*,0! 3&'! 4*5)&'! +-6)! 3&'! ,&9+0)1,6)&'! 1221.,! 3&! O\! =! "O\kK#! u.&!
3*9*.6,*-.!*9+-),1.,&!3&'!+&)4-)91.(&'!90(1.*A6&'!&.!4-.(,*-.!36!,&9+'!3:&M+-'*,*-.!3&'!4*5)&'!=!
6.&!,&9+0)1,6)&!3&!$\\kK!1!0,0!-5'&)J0&#!
%&! .-95)&6M! ,)1J16M! )&',&.,! &.(-)&! =! )012*'&)! +-6)! 1((03&)! =! 6.&! (-9+)0@&.'*-.! &,! =! 6.&!
(1)1(,0)*'1,*-.!(-9+2G,&!36!(-9+-),&9&.,!,@&)9-N@F/)-N90(1.*A6&!3&'!4*5)&'!J0/0,12&'#!K&!,)1J1*2!




N %0(-6+21/&! 3&'! (-.,)*56,*-.'! ,@&)9*A6&'! &,! @F3)*A6&'! 2-)'! 3:&''1*'! 3&! (1)1(,0)*'1,*-.! =!
@16,&! ,&9+0)1,6)&! R$\\N$O\kKS#! Y&! (-.,)`2&! 3&! 2:@69*3*,0! &',! +1),*(62*G)&9&.,! (-9+2*A60!
31.'!(&'!/199&'!3&!,&9+0)1,6)&#!
N 8-6)! 21! )*/*3*,0! 3&'! 4*5)&'I! @-)9*'! 21! +)*'&! &.! (-9+,&! 3&'! *9+)0(*'*-.'! 16! .*J&16! 3&! 21!
30,&)9*.1,*-.!3&!21!'&(,*-.!6,*2&I!0209&.,!)&21,*J&9&.,!5*&.!,)1*,0!31.'! 2&'!,)1J16M!)0(&.,'!
3&! 21! 2*,,0)1,6)&I! *2! 1++1)1*,! .0(&''1*)&I! (-9+,&! ,&.6! 3&! 21! .-.N2*.01)*,0! 3&'! (-6)5&'! 3&!
,)1(,*-.I!3&!3*''-(*&)!2&!9-362&!021',*A6&!*.*,*12!36!9-362&!,1./&.,!4*.12#!
N Y:*.426&.(&! 3&! 2:gQ! '6)! 2&! (-9+-),&9&.,! &,! 2&'! +)-+)*0,0'! 1! 0,0! 0J1260&! +-6)! 3&'! ,&9+'!











?',2&FI! W#H#I! 1.3! %-.123I! ?#H#! R$\\<S#! P@&! ,&.'*2&! 3&4-)91,*-.! -4! 421M! 4*5)&'! 1'! ',63*&3! 5F! _N)1F!
'(1,,&)*./#! -6).12!-4!H1,&)*12'!E(*&.(&!$/I!";O"T"#!
X12&FI! K#! R$\\$S#! ?.12F'*'! -4! ,@&! 421M! 4*5)&'! ,&.'*2&! 5&@1J*-6)! 1.3! 1.12F'*'! -4! ,@&! ,&.'*2&! ',*44.&''!
*.()&1'&#!K-9+-'*,&'!81),!?D!?++2*&3!E(*&.(&!1.3!H1.641(,6)*./!$$I!B<BB7>#!


















X-'I!g#Y#! R$\\7S#! P@&!+-,&.,*12! -4! 421M! 4*5)&'! 1'! )&*.4-)(&9&.,! 4-)! (-9+-'*,&!91,&)*12'! RP&(@.*'(@&!
u.*J&)'*,&*,!L*.3@-J&.S#!
X-651d1)I! H#Y#I! P)*J163&FI! Z#I! 8&))&6MI! %#I! 1.3! V1./I! Y#! R$\\$S#! ?! 9&'-91()-! 4*.*,&! &2&9&.,!
9-3&22*./!-4!219*.1,&!',)6(,6)&'D!81),!UD!,*9&N*.3&+&.3&.,!5&@1J*-6)#!K-9+-'*,&!E,)6(,6)&'!</I!$T"
$>;#!








X-6)9163I! ?#I! H-)J1.I! K#I! 1.3! X12&FI! K#! R$\"\S#! U9+-),1.(&! -4! 4*5&)! +)&+1)1,*-.! ,-! -+,*9*C&! ,@&!
'6)41(&!1.3!9&(@1.*(12!+)-+&),*&'!-4!6.*,1)F!421M!4*5&)#!U.36',)*12!K)-+'!1.3!8)-36(,'!$5I!;;$;;T#!
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Ce travail de thèse͕ Ɛ͛ŝŶƐĐƌŝƚ ĚĂŶƐ ƵŶ accord co-ƚƵƚĞůůĞ ĞŶƚƌĞ ů͛ĐŽůĞ WŽůǇƚĞĐŚŶŝƋƵĞ ĚĞ dŚŝğƐ ĚƵ ^ĠŶĠŐĂů͕ Ğƚ ů͛hŶŝǀĞƌƐŝƚĠ ĚĞ
Franche-Comté en France. Il a été réalisé au Département de DĠĐĂŶŝƋƵĞƉƉůŝƋƵĠĞĚĞů͛ŝŶƐƚŝƚƵƚ&DdK-ST à Besançon (France). Il 
a pour principal objectif de valoriser les ressources naturelles disponibles au niveau local. Considérant les performances 
mécaniques assez exceptionnelles de certaines fibres végétales͕ ŝů ĞƐƚƉŽƐƐŝďůĞĚ͛ĞŶǀŝƐĂŐĞƌ ůĞƵƌƵƚŝůŝƐĂƚŝŽŶĚĂŶƐĚĞƐ applications 
composites à haute performance. Dans ce type Ě͛ĂƉƉůŝĐĂƚŝŽŶƐ, les fibres Ě͛ŽƌŝŐŝŶĞ ǀĠŐĠƚĂůĞ peuvent être soumises à des 
sollicitations thermo-hygro-mécaniques plus ou moins sévères à la fois au cours du procédé de fabrication et également lors de 
ů͛utilisation en service des pièces obtenues. 
>͛ŽďũĞĐƚif de cette thèse est de contribuer à la caractérisation du comportement thermo-hygro-mécaniques des fibres 
libériennes élémentaires issues du chanvre. Les fibres élémentaires testées dans ce travail ont des diamètres extérieurs moyens 
Ě͛environ 20 µm et des longueurs utiles de ů͛ŽƌĚƌĞĚĞ 10 mm. Des essais couplant des chargements mécaniques, hygroscopiques et 
thermiques sont réalisés afin d͛ĂƉƉŽƌƚĞƌĚĞƐĠůĠŵĞŶƚƐde compréhension sur le comportement des fibres et de collecter une base 
de données sur leurs performances mécaniques. 
Trois types de comportement sont identifiés sur les fibres en traction quasi-statique et en fluage pour les différents niveaux 
hygro-thermiques testés. Une rigidification de la fibre est relevée sous chargements cycliques progressifs dans des conditions 
environnementales constantes. hŶĞ ĐŚƵƚĞ ĚƵ ŵŽĚƵůĞ Ě͛zŽƵŶŐ initial de la fibre est remarquée quand ů͛ŚƵŵŝĚŝƚĠ ƌĞůĂƚŝǀĞ
augmente. Une accélération de la vitesse de déformation différée de la fibre est obtenue en fluage lorsque des cycles Ě͛humidité 
relative sont appliqués͘hŶĞďĂŝƐƐĞĚĞƐƉƌŽƉƌŝĠƚĠƐŵĠĐĂŶŝƋƵĞƐĚĞƐĨŝďƌĞƐƐŽƵƐů͛ĞĨĨĞƚĚĞůĂƚĞŵƉĠƌĂƚƵƌĞest également observée. 
ůůĞĚĠƉĞŶĚĚŝƌĞĐƚĞŵĞŶƚĚƵŶŝǀĞĂƵĞƚĚĞůĂĚƵƌĠĞĚĞů͛ĞǆƉŽƐŝƚŝŽŶăůĂƚĞŵƉĠƌĂƚƵƌĞ͘ 
Mots-clés : 
Fibre élémentaire, chanvre, thermo-hygro-mécanique, comportement, propriétés mécaniques. 
ABSTRACT 
The thesis work joins in the framework in joint supervision between the Polytechnic School in Thies (Senegal) and the 
University of Franche-Comté (France). This research work is being carried out at the Department of Applied Mechanics of the 
FEMTO-ST institute in Besançon (France). The principal aim is to enhance the available local natural resources. Considering 
exceptional mechanical performance of some plant fibres, it is possible to envisage their using in high performance composite 
applications. In such applications, vegetable fibres subjected to various thermo-hygro-mechanical conditions, can be more or less 
severe over time, both during their manufacturing process and also for in-service use of these parts. 
The aim of this thesis is to contribute to the characterization of thermo-hygro-mechanical behaviour of elementary hemp 
fibres. These fibres used in this work have an average diameter approximately 20 µm and useful length of only 10 mm. The 
mechanical, hygroscopic and thermal coupling testing are realized to provide some understanding of the behaviour of the hemp 
fibres and to collect details from a database on their mechanical performance. 
From the uniaxial quasi-static tensile tests and creep tests, three categories of behaviours are measured and observed. 
However, subject to constant environmental conditions, a fibre hardening is observed under cyclic tensile loading. It was also 
found that a drop of the initial Young's modulus of the hemp fibres when the relative humidity gradually increases. Thus, the strain 
rates measured on the fibres during creep tests exhibited a speeding up when relative humidity cycles are imposed. We found also 
that the mechanical properties of the fibres decrease under temperature effects. It depends directly on the level and exposure 
time to the temperature. 
Keywords: 
Elementary hemp fibres, thermo-hygro-mechanical behaviour, mechanical properties. 
